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Abstract: To analyze and improve ZJUSAH classification for primary brainstem hematoma, we
retrospectively reviewed 211 patients with primary brainstem hemorrhage who were admitted to our
institution between January 2014 and October 2020. The primary clinical outcomes were the 30-day
survival rate and 90-day consciousness recovery rate, which were evaluated using the National
Institutes of Health Stroke Scale score. Univariate logistic regression and multivariate Cox regression
analyses were performed to evaluate the prognostic model. The overall 30-day survival rate of the
211 patients was 69.7%. The 30-day survival rate was 95% among Type 1 patients, 77.8% among
Type 2 patients, and 63.2% among Type 3 patients. The 90-day consciousness recovery rate was
63.2% among Type 1 patients, 61.9% among Type 2 patients, and 30.2% among Type 3 patients. Our
findings suggest that ZJUSAH classification can be optimized according to hematoma volume, with
Type 3 patients with a hematoma larger than 12.4 mL tending to have a worse state of consciousness.
Additionally, we discovered that ZJUSAH classification is valuable in predicting 30-day survival rates
in conservative treatment patients. In conclusion, our study established and optimized a new CT-
based hematoma classification system for primary brainstem hematoma, which facilitates treatment
selection and prognostic prediction.

Keywords: primary brainstem hemorrhage; state of consciousness; multiple logistic regression;
predictive factors

1. Introduction

Primary brainstem hemorrhage (PBH) is a severe type of intracerebral hemorrhage
(ICH) that is associated with hypertension, which poses major challenges for manage-
ment [1–5] and prognostic prediction [6–13]. Brainstem hemorrhage caused by arteri-
ovenous malformation, cerebral cavernous angioma, basilar tip aneurysms, brainstem
glioma, or trauma are not considered to be PBH [14]. Due to the high number of PBH
cases occurring in the pontine, some studies have used the term primary pontine hem-
orrhage (PPH) [13,15], which usually encompasses situations where the tegmentum or
midbrain is involved as well. In this work, however, PBH will be used to refer to all primary
hemorrhages in the brainstem.

PBH can cause brain injury through two mechanisms: the primary mass effect and
the secondary cytotoxic effect of the hematoma [16]. These effects result in an increase in
intracranial pressure, thus leading to reduced cerebral perfusion and potentially causing
brain herniation [17]. Brainstem hematomas extending to the medulla can cause a disrup-
tion in respiratory and circulatory functions [13], while the extension to the midbrain may
affect the reticular system, inducing coma [18]. Previous studies have demonstrated that
the severity of neurological symptoms and the presence of hydrocephalus at the onset
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are strong prognostic indicators of poor outcomes [19–24]. PBH patients usually display
rapidly progressing neurological manifestations [3].

Currently, the mainstream treatments for PBH are conservative treatments that fo-
cus on intensively monitoring neurological symptoms [25]. However, several surgical
techniques—including open craniotomy, stereotactic precise aspiration, endoscopic surgery,
and external ventricular drainage (EVD)—have been proposed as treatments for PBH (for
review, see [6]), though a lack of clinical evidence has rendered them controversial [15,26].
Theoretically, surgical removal of the hematoma could reduce intracranial pressure, as
well as attenuate the inflammatory effect and the parenchymal damage caused by the
hematoma [16]. Minimally invasive techniques such as stereotactic precise aspiration
and endoscopic surgery can minimize the surgical perturbation by entering through safe
entry zones [27]. For instance, lesions in the ventral brainstem are always challenging
to deal with due to the presence of numerous motor tracts [27]. Minimally invasive
surgeries offer advantages for accessing this area, as they can be done through the supra-
trigeminal/peritrigeminal zone and suprafacial/infrafacial zone [6], thus minimizing the
disruption of the surrounding tissue.

Since the 1980s [28,29], stereotactic precise aspiration has been used as a minimally
invasive approach for treating cerebral hemorrhage. A retrospective study [30] compared
this approach to conventional treatment for severe PBH and reported better outcomes in
patients who underwent surgical treatment. Due to the advantages of less trauma, shorter
surgical duration, and faster postoperative recovery, stereotactic precise aspiration has
become a hotspot for the treatment of PBH [6].

The rapid diagnosis of PBH is critical due to the rapid progression of the disease [3].
While computed tomography (CT) and magnetic resonance imaging (MRI) have been
found to have equivalent accuracy in diagnosing acute ICH [31], CT is still preferred, as it
is more cost-effective and time-saving [3]. Thus, CT is the first option for diagnosing acute
PBH [3]. Existing classifications of PBH hematomas are mainly based on their radiographic
features, including volume and extension.

In 1986, Russel et al. [22] classified PBH into three distinct types: the central type,
the dorsolateral tegmental type, and the tegmentobasilar type. Hematomas caused by
hypertension are usually located at the center of the pontine, leading to rapid and lethal
clinical progression [22]. The latter two types are also known as partial pontine hematomas,
and they are generally caused by vascular malformations. Chung et al. [32] reported 62 cases
of PBH and classified them into four types: the massive type (involving bilateral basal
pontine and tegmentum), the bilateral tegmental type (involving bilateral tegmentum), the
basal-tegmental type (involving the boundary of bilateral basal pontine and tegmentum),
and the small unilateral tegmental type (involving only unilateral tegmentum). However,
Fong et al. [21] conducted a study (n = 39) and found that these types may not be ideal for
prognostic prediction. Wessels et al. [19] proposed a classification system that classified PBH
into dorsal, ventral, and massive types after analyzing 29 patients’ clinical data. Studies
that used this classification suggested that the ventral and massive types are associated
with higher mortality rates, while the dorsal type is associated with a better prognosis.
Although previously proposed classifications have varied, they have all noted a correlation
between larger hematoma volumes and radiographic evidence of hydrocephalus and poor
prognosis [19–24]. Unfortunately, no consensus has been reached on PBH classification,
making it difficult to predict survival outcome and functional recovery.

Based on our previous findings [33], we discovered that the volume and location
(primarily involving the brainstem) of a hematoma were significantly associated with the
30-day survival outcomes and 90-day consciousness recovery rates. Consequently, CT scans
were essential for localizing the hematoma before stereotactic aspiration, thus leading to the
introduction of ZJUSAH classification. This classification considers both the volume and
location of the hematoma at the same time. Our goal was to take this further by studying
and assessing clinical characteristics and outcomes in classified patients and evaluating
the performance of ZJUSAH classification for prognostic prediction. This study aimed to
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collect and analyze clinical data from PBH patients to identify the prognostic factors and
develop a prognostic prediction model. Additionally, the study also sought to investigate
and optimize the new brainstem hematoma classification method: ZJUSAH classification,
which is a more straightforward approach for the prognostic prediction of PBH based on
cranial CT evidence collected upon emergency administration.

2. Methods
2.1. Study Design

This single-center, retrospective study was conducted with the approval of the ethics
committee of our institution. The STROBE guidelines [34] for observational studies were
followed in the present study. Due to the observational nature of this study and the
harmlessness to patients, the need for informed consent was waived. During follow-ups,
the objectives of this study were explained to patients or their families.

2.2. Patient Selection

We retrospectively reviewed the clinical data of 211 patients with PBH who were
admitted to our institution between January 2014 and October 2020. The inclusion cri-
teria were as follows: (1) available cranial CT and CT angiography (CTA) results within
24 h of admission; (2) available records of laboratory test results, vital signs, and GCS
score at admission; (3) patients were followed up with to assess clinical outcomes. The
exclusion criteria included secondary brainstem hematoma caused by trauma, intravenous
thrombolysis, cavernous malformation, arteriovenous malformation, or tumors.

The patients received either conservative treatments or stereotactic surgeries during
hospitalization. Indications for stereotactic surgeries included: (1) a hematoma volume
≥ 5 mL and a GCS score ≤ 7; (2) a hematoma volume of 3~5 mL and a GCS score ≤ 5,
with conservative treatment for at least 72 h from disease onset; (3) PBH accompanied by
acute hydrocephalus. Surgical contradictions included a GCS score ≤ 3, bilateral mydriasis,
unstable vital signs, or other signs of brainstem function failure.

2.3. Clinical Data

All patients’ clinical data were reviewed, including demographic characteristics, clin-
ical characteristics at admission (vital signs and GCS scores), laboratory test results and
radiological results (cranial CT and CTA) at admission or during hospitalization, and
complications that occurred during hospitalization. Hematoma volume was determined
in the (A × B × C)/2 manner, where A is the greatest hematoma diameter by CT, B is the
diameter 90◦ to A, and C is the approximate number of CT slices with hematoma multiplied
by the slice thickness [35].

2.4. Outcome Assessment

Primary outcomes included short-term survival (30-day survival rate) and mid-to-
long-term recovery of consciousness (90-day consciousness recovery rate). Outcomes
were obtained from patients or their families through telephone interviews conducted by
two trained neurosurgeons who were blinded to the research data. The interviews were
conducted 3 months after the patient’s discharge. The 90-day consciousness recovery rates
were evaluated according to the National Institutes of Health Stroke Scale (NIHSS) score,
with 0, 1, or 2 for consciousness and 3 for unconsciousness.

2.5. Prognostic Analysis Based on ZJUSAH Classification

Based on the hematoma location and the clinical requirements for stereotactic surgeries,
we developed a four-type system for PBH classification (Figure 1A): Type 0, the hematoma
is restricted to the cistern or the fourth ventricle, with the brainstem compressed but
undamaged; Type 1, the hematoma is located within one side of the midline without any
involvement of the other side; Type 2, the hematoma spans both sides of the midline,
with or without the involvement of the right or left quarter of the brainstem; Type 3, the
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hematoma spans both sides of the midline, involving both the right and left quarter of
the brainstem.
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Figure 1. (A) Schematic representations of ZJUSAH classifications showing horizontal cross-sections
of the brainstem are shown in the figure, with the fourth ventricle at the bottom. The dashed lines
divide the ventral–dorsal diameter into three equal parts. (B) An easy way to find left and right
1/4 borderlines: The green line represents the ventral–dorsal midline. The yellow lines represent the
tangent lines of the ventrolateral edges. The red lines represent the left and right 1/4 borderlines,
starting from the intersection of green lines and yellow lines, equally dividing the angles in half.

Furthermore, based on the relative location of the hematoma body to the ventral-dorsal
diameter in the pons (Figure 1), Type 2 and 3 hematomas can be further classified into
three subtypes: ventral type (A), dorsal type (B), and central type (C). For example, if the
main body of a hematoma (more than 50%) is located in the ventral part of the brainstem,
then it should be classified as ventral type (A) regardless of where the remaining parts are
located. Note that Figure 1A only shows a limited number of possible situations. For more
schematic illustrations of Type 2 and Type 3 hematomas, see Supplementary Figure S1.

Here, we provided an efficient approach to estimate the right/left quarter borderline
of the brainstem in CT images, as illustrated in Figure 1B: First, identify the intersection
of the ventral–dorsal midline (marked in green) and the tangent line of the ventrolateral
edge (marked in yellow). Then, draw lines (marked in red) starting from the intersection,
equally dividing the angles in half. Representative CT images for each type of ZJUSAH
classification are presented below (Figure 2).

2.6. Univariate Analysis and Survival Analyses Based on ZJUSAH Classification

R (version 4.0.3) and RStudio (version 1.4.1106) were used for statistical calculations.
To evaluate the predictive performance of ZJUSAH classification, inter-group comparisons
of outcomes were conducted using one-way ANOVA tests. The equality of variance was
determined using Levene’s test. If the one-way ANOVA identified significant differences,
univariate logistic regression was performed to evaluate the predictive performance of
ZJUSAH classification on the outcomes.

Type 1, Type 2, and Type 3 patients were included in subsequent analyses (one case of
Type 0 patient was excluded). A Kaplan–Meier survival curve was plotted for 30-day survival
outcomes, and the statistical significance was evaluated using the log-rank test. Multivariate
survival analysis (of ZJUSAH Classification and treatments) was performed using Cox
regression models. Hazard ratios (HRs) and 95% confidence intervals (CIs) were calculated
for each variable. The probability of p < 0.05 was considered to be statistically significant.
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Figure 2. Representative cases of ZJUSAH classification. (A) The hematoma is within the cis-
tern or the fourth ventricle, with the brainstem being compressed but not damaged (Type 0).
(B) The hematoma remains on the right side of the brainstem without affecting the left side (Type 1).
(C) The hematoma spans both the left and right sides of the midline, without involving the right
or left 1/4 of the brainstem, localizing mainly within the ventral part of the brainstem (Type 2A).
(D) The hematoma spans both sides, without involving the right or left 1/4 of the brainstem, localiz-
ing mainly within the dorsal part of the brainstem (Type 2B). (E) The hematoma spans both sides,
without involving the right or left 1/4 of the brainstem, localizing mainly within the central part
of the brainstem (Type 2C). (F) The hematoma spans both sides, involving 1/4 borderlines of both
sides, localizing mainly within the ventral part of the brainstem (Type 3A). (G) The hematoma spans
both sides, involving 1/4 borderlines of both sides, localizing mainly within the dorsal part of the
brainstem (Type 3B). (H) The hematoma spans both sides, involving 1/4 borderlines of both sides,
localizing mainly within the central part of the brainstem (Type 3C).

3. Results
3.1. Prognostic Analyses of Primary Brainstem Hematoma Patients Based on ZJUSAH
Classification

A total of 211 patients were included in the study. There was 1 case of Type 0, 20 cases
of Type 1, 54 cases of Type 2 (3 Type 2A cases, 19 Type 2B cases, and 32 Type 2C cases), and
136 cases of Type 3 (7 Type 3A cases, 68 Type 3B cases, and 61 Type 3C cases).

The overall 30-day survival rate of the 211 patients was 69.7%. The only Type 0 case
died in the hospital after conservative treatment. Type 1 patients had a 30-day survival
rate of 95% (19/20). Type 2 patients had a 30-day survival rate of 77.8% (42/54), with
63.2% (12/19) for Type 2A, 63.2% (12/19) for Type 2B, and 87.5% (28/32) for Type 2C. Type
3 patients had a 30-day survival rate of 63.2% (86/136), with 57.1% (4/7) for Type 3A,
55.9% (38/68) for Type 3B, and 72.1% (44/61) for Type 3C (Table 1).

An intra-group analysis was conducted to compare the effect of conservative treatment
and stereotactic surgery on Type 1, Type 2, and Type 3 patients, respectively. Among Type
3 patients, a significant difference in 30-day survival rates was observed between the two
modalities: The 30-day survival rate for the stereotactic surgery group was 76.9%, while
the survival rate for the conventional treatment group was 44.8% (p < 0.05).

A total of 208 patients were followed up with for the 90-day consciousness recovery
rate, with 3 patients lost to follow-up (1 Type 1 patient and 2 Type 2C patients). The
overall 90-day consciousness recovery rate was 63.2% (12/19) among Type 1 patients.
Type 2 patients had a consciousness recovery rate of 61.9% (26/42), with 66.7% (2/2) for
Type 2A, 26.3% (5/12) for Type 2B, and 63.3% (19/28) for Type 2C. Type 3 patients had a
consciousness recovery rate of 30.2% (26/86), with 50.0% (2/4) for Type 3A, 18.4% (7/38)
for Type 3B, and 38.6% (17/44) for Type 3C (Table 2).
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Table 1. The 30-day survival outcomes for different ZJUSAH classifications.

ZJUSAH
Classification Patients in Total Survivors (at

Day 30)
30-Day Survival

Rate (%) p-Value

Type 0 1 0 0.0

0.004787

Type 1 20 19 95.0

Type 2 54 42 77.8
Type 2A 3 2 66.7
Type 2B 19 12 63.2
Type 2C 32 28 87.5

Type 3 136 86 63.2
Type 3A 7 4 57.1
Type 3B 68 38 55.9
Type 3C 61 44 72.1

All patients 211 147 69.7

Table 2. The 90-day consciousness recovery rate for different ZJUSAH classifications.

ZJUSAH
Classification Patients in Total Conscious Patients

(NIHSS Score < 3)

90-Day
Consciousness

Recovery Rate (%)
p-Value

Type 0 1 0 0.0

<0.001

Type 1 19 12 63.2

Type 2 42 26 61.9
Type 2A 2 2 100
Type 2B 12 5 41.7
Type 2C 28 19 67.9

Type 3 86 26 30.2
Type 3A 4 2 50
Type 3B 38 7 18.4
Type 3C 44 17 38.6

All patients 148 40 27.0

An intra-group analysis was also conducted to compare the effect of 2 treatment
modalities on Type 1, Type 2, and Type 3 patients. However, no significant difference was
observed between the two modalities in any of the three groups (p > 0.05).

3.2. Optimization of ZJUSAH Classification Based on Hematoma Volume

To optimize the sensitivity of our classification to the volume of the hematoma
(Figure 3), we established thresholds for hematoma volume in Type 2 and Type 3 pa-
tients. The average hematoma volumes in Type 2 and Type 3 patients were 7.5 mL
(maximum = 20.6 mL, minimum = 0.9 mL) and 12.4 mL (maximum = 25.4 mL,
minimum = 1.55 mL), respectively. These values were then used as the thresholds for group-
ing the patients into 2 groups for each type (Type 2 ≥ 7.5 mL and <7.5 mL;
Type 3 ≥ 12.4 mL and <12.4 mL). Prognostic differences were calculated between the
two groups. For Type 2 patients, no significant differences in 30-day survival rates or
90-day consciousness recovery rates were observed (Table 3). In contrast, significant differ-
ences in 90-day consciousness recovery rates were found between the two groups of Type
3 patients (p = 0.009). However, no significant differences in 30-day survival rates were
observed (Table 4).
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Figure 3. Distribution of the hematoma volumes of patients classified through ZJUSAH classification.
Hematoma volumes in 210 Type 1, Type 2, and Type 3 patients. The error bar indicates the standard
error of the mean (SEM).

Table 3. Prognosis of Type 2 patients.

30-Day Survival Rate

≥7.5 mL <7.5 mL p
Type 2 73.9% (17/23) 80.6% (25/31) 0.742

Type 2A NA 66.7% (2/3) NA
Type 2B 60.0% (6/10) 66.7% (6/9) 1
Type 2C 84.6% (11/13) 89.5% (17/19) 1

90-Day Consciousness Recovery Rate

≥7.5 mL <7.5 mL p
Type 2 30.4% (7/17) 61.3% (19/25) 1

Type 2A NA 100% (2/2) NA
Type 2B 16.7% (1/6) 66.7% (4/6) 0.588
Type 2C 54.5% (6/11) 76.5% (13/17) 0.409

Table 4. Prognosis of Type 3 patients.

30-Day Survival Rate

≥12.4 mL <12.4 mL p
Type 3 61.9% (39/68) 65.4% (47/68) 0.213

Type 3A 40.0% (2/5) 100% (2/2) 0.429
Type 3B 50.0% (20/40) 64.3% (18/28) 0.322
Type 3C 73.9% (17/23) 71.1% (27/38) 1

90-Day Consciousness Recovery Rate

≥12.4 mL <12.4 mL p
Type 3 15.4% (6/39) 42.6% (20/47) 0.009

Type 3A 50.0% (1/2) 50.0% (1/2) 1
Type 3B 15.0% (3/20) 22.2% (4/18) 0.687
Type 3C 11.8% (2/17) 55.6% (15/27) 0.005
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3.3. Survival Analysis for ZJUSAH Classification and Treatment Strategies

A Cox regression analysis was conducted to examine the effects of ZJUSAH classifica-
tion and treatment modalities on 30-day survival outcomes. Type 1 was used as a reference,
and the results indicated that Type 2A, Type 2C, and Type 3C had no significant differences
compared to Type 1, whereas Type 2B, Type 3A, and Type 3B were associated with worse
30-day survival outcomes. Moreover, stereotactic aspiration was found to be protective, as
it was associated with improved 30-day survival outcomes (HR = 0.28, 95% CI [0.16–0.47],
p < 0.001) (Figure 4).
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By analyzing survival curves for different types of ZJUSAH classifications, it was
clear that there was a significant difference in survival outcomes between the three types
of patients (p = 0.0087). Notably, patients receiving conservative treatment had a 30-day
survival rate lower than those who received stereotactic aspiration treatment (p < 0.0001)
(Figure 5).
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3.4. Using ZJUSAH Classification to Predict 30-Day Survival Outcomes in Patients Receiving
Conservative Treatments

The predictive effect of ZJUSAH classification was initially evaluated in all patients.
However, the result (AUC = 0.676, 95% CI [0.60–0.75]) was not satisfactory. To further
investigate, we analyzed the predictive effect of ZJUSAH classification on the conservative
treatment group and found that it could successfully predict 30-day survival rates. Notably,
dorsal brainstem hematomas (Type 2B and Type 3B) were significantly associated with a
poorer prognosis (Figure 6).
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Figure 6. ROC curve: univariable logistic regression model of 30-day survival rate, ZJUSAH clas-
sification, and the predictive factors. Note that when Type 1 is set as the reference, Type 2B and 3B
are unfavorable factors for 30-day survival outcomes, while the rest of the classifications show no
significant correlation (p > 0.05).

4. Discussion

PBH is a highly lethal disease with a mortality ranging from 30–60% during its acute
phase [36–38], making a rapid approach to identification essential. The invention of CT [39]
revolutionized clinical practice and quickly became the primary diagnostic imaging ap-
proach for PBH due to its speed and informational value [20].

4.1. Comparison of Different Classifications

Since the 1980s, the PBH-related features of CT images have been widely discussed
and studied [40]. Russel et al. [22] proposed a classification method for PBH that classified
brainstem hematomas into central pontine hematoma, dorsolateral tegmental hematoma,
and tegmentobasilar hematoma. In 1992, Chuang et al. [32] proposed another CT-based
classification method, classifying brainstem hematomas into the massive type, the bilateral
tegmental type, the basal-tegmental type, and the small unilateral tegmental type, with sur-
vival rates of 7.1%, 14.3%, 26.1%, 94.1%, respectively. Subsequent studies further improved
upon Chuang’s classification [23,41]. A 2004 study by Wessels et al. [19] suggested that
dorsal brainstem hematomas have a better prognosis than ventral brainstem hematomas.
Thus, over the past 30 years, nearly all studies have agreed that unilateral tegmental
hematomas have a relatively better prognosis, while massive hematomas have the worst
prognosis. Patients between the two types often have varying survival rates and functional
recovery. As a result, clinical symptoms and other representative lab assays should also be
considered in the diagnostic panel of PBH to achieve better prognostic prediction. Recently,
Kim et al. [42] proposed a method of using standard grids to evaluate the volume and



Life 2023, 13, 846 10 of 14

location of the brainstem hematoma. Their retrospective study indicated that the initial
hematoma volume was the most important factor for prognosis, while hematoma location
has no relationship with neurological outcomes.

We proposed a new classification for brainstem hematoma in 2009 based on the name
of our institution, namely the ZJUSAH classification. To facilitate rapid assessment in
clinical or emergent situations where a prompt diagnosis is crucial, we classified PBH into
Type 0, Type 1, Type 2, and Type 3 based on the location of the hematoma. Note that Type
0 hematomas located in the cistern/ventricle may not always invade the parenchyma of
the brainstem; they can still cause symptoms due to compression. The prognostic model
based on this classification guided us to find that the location and volume of brainstem
hematoma are important factors affecting the short-term survival prognosis and mid-to-
long-term recovery. Our classification quantifies the scope of the brainstem damage, which
reflects the position of the hematoma in the brainstem, meanwhile reflecting the volume of
the hematoma.

However, hematomas are classified according to their maximum cross-sections, and
the volume characteristics of hematomas cannot be covered entirely. Therefore, we further
optimized Type 2 and Type 3 in the ZJUSAH classification system and discovered that
Type 2 patients with hematoma larger than 10 mL have a worse mid-to-long-term state of
consciousness than those with smaller hematoma. Similarly, Type 3 patients with larger
hematomas (larger than 12 mL) have worse mid-to-long-term states of consciousness than
the ones with smaller hematomas. However, there were no differences in short-term
survival outcomes in these comparisons.

Our study revealed a worse prognosis in dorsal subtypes of brainstem hematoma
(Type 2B and Type 3B) than in non-dorsal subtypes (Type 2A, Type 3A, Type 2C, and
Type 3C). This was especially true for the 90-day consciousness recovery rate, which was
41.7% for Type 2B vs. 61.9% for Type 2 and 18.4% for Type 3B vs. 30.2% for Type 3. It seems
that our results contradict Wessels et al.’s. Those detrimental effects (to consciousness
recovery) of Type B hematoma may be explained by damage to the reticulum activating
system. Moreover, the involvement of important nuclei, such as raphe nuclei (serotonergic),
the red nucleus (motor modulation), and substantia nigra (dopaminergic) can cause other
possible detrimental effects [43].

4.2. Surgical Management of PBH

The success of brainstem surgery requires accurate selection of a “safe entry zone”,
proper surgical approach, and appropriate surgical techniques. Safe entry zones are chosen
to minimize the disruption of important nuclei or fibers. However, the selection of a
safe entry zone requires the surgeon to have in-depth neuroanatomical knowledge of the
brainstem and its vascular structures. Yang et al. [44] did an evidence-based analysis of
common safe entry zones for brainstem surgeries: for hematoma in the pons, there are
supratrigeminal/peritrigeminal zones and suprafacial/infrafacial zones; for hematoma in
the midbrain, there are supracollicular/infracollicular zones; for hematoma in the medulla,
the posterior median sulcus or lateral medulla are better safe entry zones. However,
although surgeons always operate under the general principle of limiting disruptions
during brainstem surgeries, delicate maneuvers are indispensable during surgeries. Since
small vessels, such as perforating arteries, cannot be properly observed prior to the surgery,
intraoperative exposure and observation of the parent vessel are essential [45]. Therefore,
apart from preoperative imaging, the intraoperative consideration of the local blood supply
is equally important for the safety of a PBH surgery.

One of the most debated points about the surgical management of ICH is the inevitable
damage caused by surgical procedures [46]. Stereotactic aspiration surgeries have been
based on the preoperative 3D reconstruction of the hematoma and the brainstem, and
in some published cases [47], 3D-printed navigation has been used to achieve relatively
good outcomes. The surgical approach and safe entry zone should be designed according
to the distribution of the hematoma, avoiding important fiber tracts or nuclei. Imaging
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techniques, such as diffusion tensor imaging and diffusion tensor tractography, have
been applied for the visualization of white matter tracts in brain stem surgeries, such as
brainstem glioma [48] and brainstem cavernomas [49], which have enhanced the safety and
accuracy of the surgeries. During the surgery, the aspiration was conducted through a small
hole 4 mm in diameter. The hematoma was discharged in small amounts while rinsing
the residual cavity using saline. No retraction or electrocoagulation occurred during the
operation, limiting iatrogenic brainstem damage to the lowest level. During the operation,
the patient’s vitals were intensively monitored in case of rare adverse events, including
bradycardia or cardiac arrest.

Apart from stereotactic aspiration, endoscopic brainstem hematoma evacuation has
increasingly been reported as a promising technique for PBH [50,51]. With the radiological
information of the hematoma, a suitable approach through the safe entry zone is chosen to
enter the brainstem and evacuate the hematoma, which usually includes the transclival
approach (endoscopic endonasal transclival approach, or EETA) and the retrosigmoid
approach [6]. However, controlling iatrogenic injury still poses great challenges, and it
is recommended that it should be undertaken by experienced neurosurgeons, paying
attention to the operating principles of “no traction of the brainstem, light suction of the
hematoma, and weak electric coagulation of the responsible vascular” [3].

Another widely used surgical intervention for brainstem hemorrhage is EVD, which is
usually applied to patients with evidence of hydrocephalus [52]. Early drainage can lower
the incidence of cerebral fluid circulation disorder [53]. However, Murata et al. [54] found
that external ventricular drainage did not lead to a significant clinical benefit in brainstem
hemorrhage patients with hydrocephalus. In a single-center, retrospective study, Luney
et al. [55] compared the efficacy of craniotomy and decompression, conservative treatment,
and EVD in posterior fossa hemorrhage (with or without brainstem hemorrhage) and found
that the incidence of hydrocephalus and intraventricular hemorrhage were significantly
higher in the EVD treatment group.

4.3. Limitations

First, the data used in this retrospective study was obtained at a single institute, so our
classification may not accurately represent the general population. Second, the lack of Type
0 and some other subtypes (Type 2A and Type 3A) is a shortcoming of this study. Due to the
small sample size of Type 0 (n = 1), it was excluded from the survival analyses conducted in
this study. Future studies that include a greater number of Type 0 patients will be conducted
to incorporate them into our predictive model. We anticipate that a larger collection of
clinical cases will help to further refine the ZJUSAH classification system and its ability to
accurately predict outcomes. Third, due to the limitations of sample size and this being a
single-center study, we did not include information regarding whether the patients received
EVD treatment before or after the operation. In follow-up studies, we will expand the
sample size and do a more detailed subgroup analysis of EVD, hematoma volume, and
admission GCS based on the ZJUISAH classification. Moreover, although we chose the
90th day as the endpoint of evaluating the state of consciousness, follow-ups longer than
90 days should also be considered in further studies to evaluate long-term outcomes.

A truly comprehensive treatment for PBH requires the continuous evaluation and
exploration of the morbidity, mortality, clinical outcomes, prognostic factors, clinical proce-
dures, and possible surgical indications. We hope our study can provide evidence for the
management of PBH. We also expect that further studies with larger clinical sample sizes
and better quality will enhance PBH management.

5. Conclusions

The ZJUSAH classification system for primary brainstem hematomas provides a model
to predict the 90-day consciousness outcomes of the most extensive (Type 3) hematoma
based on its volume. Additionally, our model allows for a 30-day survival outcome as-
sessment when conservative treatment is applied. This CT-based hematoma classification
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system has the potential to enable more precise treatment selection and prognostic predic-
tion for PBH patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life13030846/s1, Figure S1: Other possible distributions of Type 2
and Type 3 hematoma.

Author Contributions: J.Z., conceptualization, methodology, software, writing—reviewing and edit-
ing; A.P., methodology, software, writing—original draft preparation; J.M., visualization, software,
writing—original draft preparation; Y.G., software; F.L., writing—reviewing and editing; A.S., review-
ing and supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Zhejiang Province
TGD23C040017 (Jingyi Zhou).

Institutional Review Board Statement: The study was approved by the Institutional Review Board
(or ethics committee) of the Second Affiliated Hospital, Zhejiang University School of Medicine.
Protocol code IR2020001489; date of approval 2020-12-04.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shrestha, B.K.; Ma, L.; Lan, Z.; Li, H.; You, C. Surgical management of spontaneous hypertensive brainstem hemorrhage.

Interdiscip. Neurosurg. 2015, 2, 145–148. [CrossRef]
2. Ichimura, S.; Bertalanffy, H.; Nakaya, M.; Mochizuki, Y.; Moriwaki, G.; Sakamoto, R.; Fukuchi, M.; Fujii, K. Surgical Treatment

for Primary Brainstem Hemorrhage to Improve Postoperative Functional Outcomes. World Neurosurg. 2018, 120, e1289–e1294.
[CrossRef]

3. Chen, L.; Chen, T.; Mao, G.; Chen, B.; Li, M.; Zhang, H.; Xi, H.; She, X.; Tang, Z.; Zhang, P.; et al. Clinical neurorestorative
therapeutic guideline for brainstem hemorrhage (2020 China version). J. Neurorestoratol. 2020, 8, 232–240. [CrossRef]

4. Morgenstern, L.B.; Hemphill, J.; Anderson, C.S.; Becker, K.; Tamargo, R.J. Guidelines for the Management of Spontaneous
Intracerebral Hemorrhage A Guideline for Healthcare Professionals from the American Heart Association/American Stroke
Association. Stroke 2010, 41, 2108–2129. [CrossRef]

5. Steiner, T.; Salman, R.A.S.; Beer, R.; Christensen, H.; Cordonnier, C.; Csiba, L.; Forsting, M.; Harnof, S.; Klijn, C.J.; Krieger, D.; et al.
European Stroke Organisation (ESO) guidelines for the management of spontaneous intracerebral hemorrhage. Int. J. Stroke Off. J.
Int. Stroke Soc. 2015, 9, 840–855. [CrossRef] [PubMed]

6. Chen, D.; Tang, Y.; Nie, H.; Zhang, P.; Wang, W.; Dong, Q.; Wu, G.; Xue, M.; Tang, Y.; Liu, W.; et al. Primary Brainstem Hemorrhage:
A Review of Prognostic Factors and Surgical Management. Front. Neurol. 2021, 12, 1627. [CrossRef] [PubMed]

7. Takeuchi, S.; Suzuki, G.; Takasato, Y.; Masaoka, H.; Hayakawa, T.; Otani, N.; Yatsushige, H.; Shigeta, K.; Momose, T.; Wada,
K.; et al. Prognostic factors in patients with primary brainstem hemorrhage. Clin. Neurol. Neurosurg. 2013, 115, 732–735.
[CrossRef]

8. Jung, D.S.; Jeon, B.C.; Park, Y.S.; Oh, H.S.; Kim, N.K. The predictors of survival and functional outcome in patients with pontine
hemorrhage. J. Korean Neurosurg. Soc. 2007, 41, 82–87.

9. Matsukawa, H.; Shinoda, M.; Fujii, M.; Takahashi, O.; Murakata, A. Risk factors for mortality in patients with non-traumatic
pontine hemorrhage. Acta Neurol. Scand. 2015, 131, 240–245. [CrossRef]

10. Chen, Y.; Wang, L.; Zhang, J.; Wang, S.; Xing, Y. Monitoring of patients with brainstem hemorrhage: A simultaneous study of
quantitative electroencephalography and transcranial Doppler. Clinical Neurophysiol. 2021, 132, 946–952. [CrossRef]

11. Ding, W.L.; Xiang, Y.S.; Liao, J.C.; Wang, S.Y.; Wang, X.Y. Early tracheostomy is associated with better prognosis in patients with
brainstem hemorrhage. J. Integr. Neurosci. 2020, 19, 437–442. [CrossRef] [PubMed]

12. Zhang, F.; Li, H.; Tao, C.; Zheng, J.; Hu, X. Neutrophil and Platelet to Lymphocyte Ratios in Associating with Blood Glu-
cose Admission Predict the Functional Outcomes of Patients with Primary Brainstem Hemorrhage. World Neurosurg. 2018,
116, e100–e107.

13. Huang, K.; Ji, Z.; Sun, L.; Gao, X.; Lin, S.; Liu, T.; Xie, S.; Zhang, Q.; Xian, W.; Zhou, S. Development and Validation of a Grading
Scale for Primary Pontine Hemorrhage. Stroke 2017, 48, 63–69. [CrossRef]

14. Goto, N.; Kaneko, M.; Hosaka, Y.; Koga, H. Primary pontine hemorrhage: Clinicopathological correlations. Stroke 1980, 11, 84–90.
[CrossRef] [PubMed]

15. Jang, J.H.; Song, Y.G.; Kim, Y.Z. Predictors of 30-day mortality and 90-day functional recovery after primary pontine hemorrhage.
J. Korean Med. Sci. 2011, 26, 100–107. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/life13030846/s1
https://www.mdpi.com/article/10.3390/life13030846/s1
http://doi.org/10.1016/j.inat.2015.06.005
http://doi.org/10.1016/j.wneu.2018.09.055
http://doi.org/10.26599/JNR.2020.9040024
http://doi.org/10.1161/STR.0b013e3181ec611b
http://doi.org/10.1111/ijs.12309
http://www.ncbi.nlm.nih.gov/pubmed/25156220
http://doi.org/10.3389/fneur.2021.727962
http://www.ncbi.nlm.nih.gov/pubmed/34566872
http://doi.org/10.1016/j.clineuro.2012.08.022
http://doi.org/10.1111/ane.12312
http://doi.org/10.1016/j.clinph.2020.12.026
http://doi.org/10.31083/j.jin.2020.03.25
http://www.ncbi.nlm.nih.gov/pubmed/33070522
http://doi.org/10.1161/STROKEAHA.116.015326
http://doi.org/10.1161/01.STR.11.1.84
http://www.ncbi.nlm.nih.gov/pubmed/7355436
http://doi.org/10.3346/jkms.2011.26.1.100
http://www.ncbi.nlm.nih.gov/pubmed/21218037


Life 2023, 13, 846 13 of 14

16. Broderick, J.P. The STICH trial: What does it tell us and where do we go from here? Stroke 2005, 36, 1619–1620. [CrossRef]
[PubMed]

17. Xu, B.N.; Yabuki, A.; Mishina, H.; Miyazaki, M.; Maeda, M.; Ishii, S. Pathophysiology of brain swelling after acute experimental
brain compression and decompression. Neurosurgery 1993, 32, 289–296. [CrossRef]

18. McNealy, D.E.; Plum, F. Brainstem Dysfunction with Supratentorial Mass Lesions. Arch. Neurol. 1962, 7, 10–32. [CrossRef]
19. Wessels, T.; Mller-Hartmann, W.; Noth, J.; Kltzsch, C. CT Findings and Clinical Features as Markers for Patient Outcome in

Primary Pontine Hemorrhage. Am. J. Neuroradiol. 2004, 25, 257–260.
20. Dziewas, R.; Kremer, M.; Lüdemann, P.; Nabavi, D.G.; Dräger, B.; Ringelstein, E.B. The prognostic impact of clinical and CT

parameters in patients with pontine hemorrhage. Cerebrovasc. Dis. 2003, 16, 224–229. [CrossRef]
21. Fong, C.S. Factors affecting the outcome in pontine hemorrhage. Acta Neurol. Taiwan. 1999, 8, 6–11.
22. Brian, R.; Rengachary, S.S.; Douglas, M.G. Primary pontine hematoma presenting as a cerebellopontine angle mass. Neurosurgery

1986, 19, 129–133.
23. Rabinstein, A.A.; Tisch, S.H.; McClelland, R.L.; Wijdicks, E.F. Cause Is the Main Predictor of Outcome in Patients with Pontine

Hemorrhage. Cerebrovasc. Dis. 2003, 17, 66–71. [CrossRef] [PubMed]
24. Nishizaki, T. Factors Determining the Outcome of Pontine Hemorrhage in the Absence of Surgical Intervention. Open J. Mod.

Neurosurg. 2012, 2, 17–20. [CrossRef]
25. Hemphill, J.C.; Greenberg, S.M.; Anderson, C.S.; Becker, K.; Bendok, B.R.; Cushman, M.; Fung, G.L.; Goldstein, J.N.; Macdonald,

R.L.; Mitchell, P.H.; et al. Guidelines for the Management of Spontaneous Intracerebral Hemorrhage. Stroke 2015, 46, 2032–2060.
[CrossRef]

26. Wang, S.S.; Yang, Y.; Velz, J.; Keller, E.; Luft, A.R.; Regli, L.; Neidert, M.C.; Bozinov, O. Management of brainstem haemorrhages.
Swiss Med. Wkly. 2019, 149, w20062. [CrossRef]

27. Cavalcanti, D.D.; Preul, M.C.; Kalani, M.Y.; Spetzler, R.F. Microsurgical anatomy of safe entry zones to the brainstem. J. Neurosurg.
2016, 124, 1359–1376. [CrossRef]

28. Takahama, H.; Morii, K.; Sato, M.; Sekiguchi, K.; Sato, S. Stereotactic aspiration in hypertensive pontine hemorrhage: Comparative
study with conservative therapy. No Shinkei Geka 1989, 17, 733–739.

29. Hara, T.; Nagata, K.; Kawamoto, S.; Sashida, J.; Abe, T.; Wada, A.; Sakamoto, T. Functional outcome of primary pontine
hemorrhage: Conservative treatment or stereotaxic surgery. No Shinkei Geka 2001, 29, 823–829.

30. Lan, Z.; Richard, S.A.; Hao, L.; Chen, M.; You, C. Spontaneous hypertensive brainstem hemorrhage: Does surgery benefit the
severe cases? Interdiscip. Neurosurg. 2019, 15, 66–70. [CrossRef]

31. Kidwell, C.S.; Chalela, J.A.; Saver, J.L.; Starkman, S.; Hill, M.D.; Demchuk, A.M.; Butman, J.A.; Patronas, N.; Alger, J.R.; Latour,
L.L.; et al. Comparison of MRI and CT for Detection of Acute Intracerebral Hemorrhage. JAMA 2004, 292, 1823–1830. [CrossRef]
[PubMed]

32. Chung, C.S.; Park, C.H. Primary pontine hemorrhage: A new CT classification. Neurology 1992, 42, 830–834. [CrossRef] [PubMed]
33. Zhou, J.; Wang, R.; Mao, J.; Gu, Y.; Shao, A.; Liu, F.; Zhang, J. Prognostic models for survival and consciousness in patients with

primary brainstem hemorrhage. Front. Neurol. 2023, 14, 1126585. [CrossRef]
34. von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P. The Strengthening the Reporting of

Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. Lancet 2007,
370, 1453–1457. [CrossRef] [PubMed]

35. Kothari, R.U.; Brott, T.; Broderick, J.P.; Barsan, W.G.; Sauerbeck, L.R.; Zuccarello, M.; Khoury, J. The ABCs of Measuring
Intracerebral Hemorrhage Volumes. Stroke 1996, 27, 1304–1305. [CrossRef]

36. Morotti, A.; Jessel, M.; Brouwers, H.B.; Falcone, G.J.; Schwab, K.; Ayres, A.M.; Vashkevich, A.; Anderson, C.D.; Viswanathan, A.;
Greenberg, S.M. CT Angiography Spot Sign, Hematoma Expansion and Outcome in Primary Pontine Intracerebral Hemorrhage.
Neurocritical Care 2016, 25, 79–85. [CrossRef]

37. Ye, Z.; Huang, X.; Han, Z.; Shao, B.; Cheng, J. Three-year prognosis of first-ever primary pontine hemorrhage in a hospital-based
registry. J. Clin. Neurosci. 2015, 22, 1133–1138. [CrossRef]

38. Hao, L.I. Predictors of Surgical Results in Patients with Primary Pontine Hemorrhage. Turk. Neurosurg. 2016, 26, 77.
39. Di Chiro, G.; Brooks, R. The 1979 Nobel Prize in Physiology or Medicine. Science 1979, 206, 1060–1062. [CrossRef]
40. Schmidt, B.; Höllwarth, M.E. Spontane Ponsblutungen. Fortschr. Neurol. Psychiatr. 1984, 52, 259–276.
41. Balci, K.; Asil, T.; Kerimoglu, M.; Celik, Y.; Utku, U. Clinical and neuroradiological predictors of mortality in patients with

primary pontine hemorrhage. Clin. Neurol. Neurosurg. 2005, 108, 36–39. [CrossRef] [PubMed]
42. Kim, M.; Cho, S.; You, S.H.; Park, J.; Park, W.; Park, J.C.; Ahn, J.S.; Kim, M.; Lee, S. A Prognostic Model of Pontine Hemorrhage

Based on Hemorrhage Volume and Location. J. Neurointensive Care 2021, 4, 21–29. [CrossRef]
43. Sciacca, S.; Lynch, J.; Davagnanam, I.; Barker, R. Midbrain, Pons, and Medulla: Anatomy and Syndromes. Radiographics 2019,

39, 1110–1125. [CrossRef] [PubMed]
44. Yang, Y.; van Niftrik, B.; Ma, X.; Velz, J.; Wang, S.; Regli, L.; Bozinov, O. Analysis of safe entry zones into the brainstem. Neurosurg.

Rev. 2019, 42, 721–729. [CrossRef]
45. Tomasi, S.O.; Umana, G.E.; Scalia, G.; Rubio-Rodriguez, R.L.; Raudino, G.; Rechberger, J.; Geiger, P.; Chaurasia, B.; Yagmurlu, K.;

Lawton, M.T.; et al. Perforating Arteries of the Lemniscal Trigone: A Microsurgical Neuroanatomic Description. Front. Neuroanat.
2021, 15, 675313. [CrossRef]

http://doi.org/10.1161/01.STR.0000170714.43167.34
http://www.ncbi.nlm.nih.gov/pubmed/15947257
http://doi.org/10.1227/00006123-199302000-00019
http://doi.org/10.1001/archneur.1962.04210010016002
http://doi.org/10.1159/000071120
http://doi.org/10.1159/000073900
http://www.ncbi.nlm.nih.gov/pubmed/14530640
http://doi.org/10.4236/ojmn.2012.22004
http://doi.org/10.1161/STR.0000000000000069
http://doi.org/10.4414/smw.2019.20062
http://doi.org/10.3171/2015.4.JNS141945
http://doi.org/10.1016/j.inat.2018.10.015
http://doi.org/10.1001/jama.292.15.1823
http://www.ncbi.nlm.nih.gov/pubmed/15494579
http://doi.org/10.1212/WNL.42.4.830
http://www.ncbi.nlm.nih.gov/pubmed/1565238
http://doi.org/10.3389/fneur.2023.1126585
http://doi.org/10.1016/S0140-6736(07)61602-X
http://www.ncbi.nlm.nih.gov/pubmed/18064739
http://doi.org/10.1161/01.STR.27.8.1304
http://doi.org/10.1007/s12028-016-0241-2
http://doi.org/10.1016/j.jocn.2014.12.024
http://doi.org/10.1126/science.386516
http://doi.org/10.1016/j.clineuro.2005.02.007
http://www.ncbi.nlm.nih.gov/pubmed/16311143
http://doi.org/10.32587/jnic.2021.00339
http://doi.org/10.1148/rg.2019180126
http://www.ncbi.nlm.nih.gov/pubmed/31283463
http://doi.org/10.1007/s10143-019-01081-9
http://doi.org/10.3389/fnana.2021.675313


Life 2023, 13, 846 14 of 14

46. Hanley, D.F.; Thompson, R.E.; Muschelli, J.; Rosenblum, M.; McBee, N.; Lane, K.; Bistran-Hall, A.J.; Mayo, S.W.; Keyl, P.; Gandhi,
D.; et al. Safety and efficacy of minimally invasive surgery plus alteplase in intracerebral haemorrhage evacuation (MISTIE): A
randomised, controlled, open-label, phase 2 trial. Lancet Neurol. 2016, 15, 1228–1237. [CrossRef]

47. Wang, Q.; Guo, W.; Liu, Y.; Shao, W.; Li, M.; Li, Z.; Li, C.; Li, Z. Application of a 3D-Printed Navigation Mold in Puncture Drainage
for Brainstem Hemorrhage. J. Surg. Res. 2019, 245, 99–106. [CrossRef]

48. Xiao, X.; Kong, L.; Pan, C.; Zhang, P.; Chen, X.; Sun, T.; Wang, M.; Qiao, H.; Wu, Z.; Zhang, J.; et al. The role of diffusion tensor
imaging and tractography in the surgical management of brainstem gliomas. Neurosurg. Focus 2021, 50, E10. [CrossRef]
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