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ARTICLE INFO ABSTRACT

Keywords: Background: The thalamic gray-white matter ratios (GWRs) on CT and quantitative suppression ratios (SRs) of
Hypoxic-ischemic encephalopathy background activities on EEG may reflect damages in the thalamus and cerebral hemispheres in patients with
Prognostication

hypoxic-ischemic encephalopathy (HIE).

Methods: The inclusion criteria were (1) cardiac arrest patients over the age of 20 years from March 2010 to
March 2020, and (2) patients who had both EEG and brain CT within 7 days after cardiac arrest. The thalamic
GWRs were semi-quantitatively measured by using the region of interest (ROI). SRs of background were analyzed
with the installed software (Persyst® v13) in EEG machine.

Results: 175 patients were included among 686 patients with HIE and the thalamic GWRs of 168 patients were
successfully measured. 155 patients (89 %) showed poor outcomes. The poor outcome group revealed not only
higher SRs, but also lower thalamic GWRs. The thalamic GWRs showed a negative correlation to the SRs (p (rho)
= —0.36, p < 0.0001 for right side, p (tho) = —0.31, p < 0.0001 for left side). The good outcome group showed
neither beyond the cut-off values of thalamic GWRs nor SRs [40 % (59/148) VS 0 % (0/20) in right side, p =
0.0005 %, and 28 % (42/148) VS 0 % (0/20) in left side, p = 0.0061].

Conclusion: The thalamic GWRs and SRs may reflect the damage in the thalamus and cerebral hemispheres in
patients with HIE. Insults in the thalamocortical circuit (TCC) or the thalamus might be responsible for the poor

Thalamic gray-white matter ratios
Suppression ratios
Thalamocortical circuit

outcome.

1. Introduction

Hypoxic-ischemic encephalopathy (HIE) after a cardiac arrest has
been known to cause a severe brain damage. The thalamus and cerebral
cortices are known to be the most vulnerable parts of the brain after a
hypoxic injury (Gofton et al., 2009;Sandroni et al., 2021). The thala-
mocortical circuit (TCC) is important for a maintenance of conscious-
ness, and it is known to play a critical role in the recovery from a severe
brain damage (Ahissar and Oram, 2015;Shepherd and Yamawaki,
2021). Unfortunately, a complete recovery from HIE can possibly be
expected in only a few patients who achieved the return of spontaneous
circulation from a cardiac arrest (Nolan et al., 2021). If the damages in
the thalamus and cerebral cortices can be measured somehow, we may
utilize it for a prognostication.

CT is a very useful diagnostic tool to evaluate anatomical structures

especially in an emergent situation. The Hounsfield unit (HU) is a
relatively quantitative measurement of radio density on CT. Every tissue
on CT has its unique HU, so that measuring the ratio of HU between the
gray and white matter could reflect the status of brain damages in pa-
tients with HIE (Lopez Soto et al., 2020). Moreover, measuring the
gray-white matter ratio (GWR) of HU on CT is a simple and reliable
method (Sohn et al., 2022). Previous studies have reported that the
GWRs in specific structures successfully predicted a poor outcome in
patients with HIE (Lee et al., 2013;Wu et al., 2011).

Moreover, background activities on EEG have been used as a prog-
nostic tool in patients with HIE (Admiraal et al., 2019;Hofmeijer et al.,
2015;Hofmeijer and van Putten, 2016;Ruijter et al., 2019;Sondag et al.,
2017). Even though malignant EEG patterns such as suppression,
burst-suppression with or without periodic discharges have been
regarded as a poor prognostic factor in patients with HIE (Westhall et al.,
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2016), recent studies have suggested that a background activity quan-
tification could also be a possible biomarker for prognostication
(Amorim et al., 2019;Tjepkema-Cloostermans et al., 2017).

We hypothesized that the thalamic GWRs and quantitative mea-
surement of background activities would possibly reflect the severity of
damages in the thalamus and cerebral cortices, therefore, have a role for
prognostication in patients with HIE.

2. Methods
2.1. Subjects

This is a retrospective cohort study conducted at single university
hospital. The institutional review board approved this study, and waived
an informed consent. Inclusion criteria were 1) cardiac arrest patients
over 20 years old from March 2010 to March 2020, and 2) patients who
were evaluated with both EEG and brain CT within 7 days after cardiac
arrest. Some of the patients received the standard care with targeted
temperature management (TTM, 34 °C for 48 h).

2.2. Data acquisition

We collected clinical, electrographic, and radiographic data. The
clinical data included age, sex, absence/presence of brainstem reflexes,
and cerebral performance category (CPC) score at discharge. The good
outcome was defined as 1 or 2 of CPC score and the poor outcome was
defined as CPC score 3,4, and 5. The clinical evaluation was conducted
within 3 days after cardiac arrest.

The thalamic GWRs were semi-quantitatively measured using the
region of interest (ROI). The non-enhanced brain CT (B-CT CE-) was
reviewed on the archiving system and analyzed using the provided tools
(m-view 5.4, Marotech Inc., South Korea). We previously proved the
merit of this ROI measurement (Sohn et al.,2022). The size (30 mmz)
and location of ROI were standardized within the splenium of the corpus
callosum (CC) and the thalamus. The axial planes that most reliably
demonstrated the lateral ventricle, thalamus, and CC were selected. A
circular ROI was placed at the target structures on the axial B-CT CE-
while avoiding the CSF space. The measurement with ROI was repeated
3 times and the mean value was obtained (Fig. 1). The GWR was
calculated using the HU at the thalamus and CC: Thalamic GWR=HU at
the thalamus/HU at the CC.

The CT scan was performed using a 128-row CT scanner (Definition
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AS+, Siemens Healthcare, Forchheim, Germany) with 120 kVp,
350-400 mAs, gantry rotation time = 0.5s, reconstruction kernel
= H31s medium smooth+ , and slice thickness= 5 mm. The matrix size
of each slice is 512mm x 512mm, displayed FOV is
250 mm x 250 mm, and one pixel size is 0.412 mm x 0.412 mm.
Therefore, the ROI contains a total of 73 (30 mm?2/0.412 mmz) pixels.
The thalamic GWRs were also measured in age and sex matched 52
normal controls in order to calculate inter-personal agreement. The
definition of abnormal CT findings (increased intra-cranial pressure,
IICP) included any signs of IICP such as effacement of the ventricles,
basal cisterns and other CSF spaces, or brain herniation or loss of the
gray-white matter differentiation (Ohle et al., 2015).

All EEG recordings were performed with 19 electrodes placed on the
scalp according to the international 10-20 system. Impedances were
maintained below 5 kQ before starting the recording and measured
again at the end of the recording under the following settings: sampling
rate = 250 Hz; low filter = 0.5 Hz; and high filter = 70 Hz. Intravenous
sedatives (remifentanil (3.5 mcg/kg/h), midazolam (0.05 mg/kg/h),
propofol (2.5 mg/kg/h)) should be discontinued 30 min prior to EEG
and not be used during EEG recording. The EEG was recorded for at least
30 min. The EEG was performed 3 days after cardiac arrest.

The malignant EEG patterns were defined as suppression /burst-
suppression with or without rhythmic and periodic patterns (RPPs)
(Westhall et al., 2016). The suppression was defined as voltage activity
< 10 pV with > 99 % periods of suppression, and the burst-suppression
was defined as voltage activity < 10 pV with 50-99 % periods of sup-
pression. The RPPs were defined as suggestion from the guideline of
American Clinical Neurophysiology Society (ACNS) (Hirsch et al.,
2021). The quantitative background activities were analyzed with sup-
pression ratio (SR). The SR of background was analyzed with installed
software (Persyst® v13) in an EEG machine. Previously, we described
the detailed method in another study (Lee et al., 2021). In brief, the SR of
the background activities was calculated as an average percentage of
background EEG activities below a user-specified amplitude threshold.
The parameter settings were as follows: epoch duration =10 s; flat
duration threshold = 0.5 s; flat duration amplitude = 3pV; and running
average duration = 60 s. Time-SR plot was generated and the highest
value of the SR was obtained in order to analyze the SR (Fig. 2).

2.3. Statistical analysis

The thalamic GWR measurement was evaluated by independent two

Fig. 1. Application of ROI for the thalamic
GWR. The size (30 mm?) and location of ROI
were standardized within the posterior part
(splenium) of the CC and thalamus. The axial
plans that most reliably demonstrated the
lateral ventricle, thalamus and CC were
selected. A circular ROI was placed at the target
structures on the axial B-CT CE- while avoiding
the CSF space. The measurement with ROI was
repeated 3 times and the mean value was ob-
tained. The GWR was calculated using HU at
the thalamus and CC: Thalamic GWR=HU at
the thalamus/HU at the CC. B-CT CE-: brain
computed tomography without contrast
enhancement, CC: corpus callosum, CSF: cere-
brospinal fluid, GWR: gray-white matter ratio,
HU: Hounsfield unit, ROL: region of interest.
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Fig. 2. Quantitation of background suppression ratio. The suppression ratio trend displays a running average (60 s) of percentage of EEG activity that fell below 3pV
lasting 0.5 s (the default threshold values in Persyst version 13). The raw data of each suppression ratio is extracted to indicate the highest value observed (arrow).

neuroradiologists who have more than 10 years experiences. The kappa
value of interpersonal and intrapersonal agreement was calculated with
52 normal controls and 9 patients. The demographics and clinical
characteristics were compared between groups (poor VS good out-
comes) using the chi-squared test or Fisher’s exact test for categorical
variables and Student’s t-test or the Mann-Whitney U test for numerical
variables. A p-value of < 0.05 was considered to indicate statistical
significance for all calculations. The receiver operating characteristic
analysis (ROC) was applied for calculating area under curve (AUC) for
predicting a poor outcome. In our study group, the poor prognosis group
(89 %) is much larger than the good prognosis group (11 %); it is a
skewed deviation population. Therefore, ROC curve analysis might not
be the best option. However, we used a ROC curve for the statistical
analysis because it is still well-established systematic tool for quanti-
fying the impact of variability among individuals’ decision thresholds.
The diagnostic value of each variable for predicting a poor outcome was
expressed as sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV). In addition, Spearman’s rank correla-
tion coefficient was used to correlate between the thalamic GWRs and
SRs. All statistical tests were performed using MedCalc® version 19.5.2
(MedCalc Software Ltd, Ostend, Belgium; https://www.medcalc.org;
2020).

3. Results
3.1. Reliability of the thalamic GWRs and clinical demographics

The measurement of the thalamic GWRs was reliable and stable. The
kappa value of interpersonal agreement was good (right
thalamus= 0.74, left thalamus= 0.79 and CC= 0.79), and intrapersonal
agreement was also good (right thalamus = 0.89, left thalamus= 0.89
and CC= 0.83), reflecting dependence of personal anatomical landmark

181

of the target structures.

Of 686 patients with HIE, a total of 175 patients were included.
Table 1 shows the clinical characteristics of enrolled 175 patients with
HIE. Of 175 patients for this study, the thalamic GWRs were successfully
measured in 168 patients, and we failed to measure the thalamic GWRs
of the rest 7 patients due to severe distortions of the target structures. Of
175 patients with HIE, 89 % (155/175) showed poor outcomes and 11 %
(20/175) showed good outcomes. The percentage of malignant EEG
patterns, SRs, and thalamic GWRs were significantly different between
groups. The poor outcome group showed higher SRs as well as lower
thalamic GWRs compared to the good outcome group. The age was

Table 1
Clinical characteristics.
Poor prognosis ~ Good p-value
prognosis
n 155 20
Age [median (range**, years)] 63 (50-75) 50 (41-62) 0.016
Sex (male: female) 1.4:1 (90:65) 1.9:1 (13:7) 0.55
With TTM (%) 42 (65/155) 65 (13/20) 0.051
Malignant EEG* ** (%) 84 (130/155) 10 (2/20) < 0.0001
Gray-white matter ratio, Rt 1.23 1.26 0.038
[median, (range**)] (1.17-1.29) (1.23-1.32)
Gray-white matter ratio, Lt 1.23 1.27 0.049
[median, (range**)] (1.17-1.29) (1.23-1.32)
Suppression ratio, Rt [median, 58.5 7.0 (0.6-13.3) < 0.0001
(range**), %] (9.7-91.6)
Suppression ratio, Lt [median, 64.9 8.8 (1.0-24.3) < 0.0001
(range**), %] (11.3-95.4)

" poor prognosis=CPC 3-5; **interquartile range; ***malignant EEG=burst-
suppression or suppression with or without rhythmic periodic patterns;
TTM=targeted temperature management; EEG and brain CT were evaluated
within 3 days (interquartile range 2-4 days) and within 3 days (interquartile
range 2-5 days), respectively
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significantly older in the poor outcome group, but the sex ratio was not
different between groups. The median times for performing EEG and CT
were as follows; 3 days for EEG (interquartile range 2-4 days) and 3 days
for B-CT CE- (interquartile range 2-5 days).

3.2. Correlation between the thalamic GWRs and SRs

The thalamic GWRs were significantly decreased in patients with HIE
compared to normal controls. The ROC analysis showed that the cut-off
values of the right and left thalamic GWRs for differentiating between
HIE and normal control were < 1.27 (AUC in right side= 0.76,
p < 0.001 and AUC in left side=0.74, p < 0.001). Also, the cut-off
values of thalamic GWRs differentiating between a poor and good
outcome were < 1.24 in right side (AUC= 0.64, p = 0.014) and < 1.20
in left side (AUC= 0.64, p = 0.017). Table 2 shows the thalamic GWRs
according to the clinical variables, which revealed more decreased
values in more severely damaged conditions; the thalamic GWRs were
significantly decreased in the poor outcome, death, and abnormal CT
finding groups. Furthermore, the thalamic GWRs predicted a poor
outcome as same as abnormal CT findings on visual analysis did; the
AUGCs in abnormal CT findings (AUC= 0.65, p < 0.001) were not
different from those in the thalamic GWRs [< 1.24 in right side
(AUC=0.64, p=0.014) and <1.20 in left side (AUC= 0.64,
p = 0.017)].

There was also the same trend in SRs, but the trend of SRs showed
opposite direction to that of the thalamic GWRs. Table 2 shows the SRs
according to clinical variables, which revealed higher values in more
severely damaged conditions; the SRs were significantly higher in
groups with a poor outcome, death, and malignant EEG pattern.
Furthermore, the SRs predicted a poor outcome as same as the malignant
patterns on EEG did (AUC in malignant pattern on EEG=0.87,p < 0.001
and AUC in right SR= 0.8, p < 0.001, AUC in left SR= 0.78, p < 0.001).
In addition, the cut-off values of the right (>21.5 %, AUC= 0.8,
p < 0.001) and left SRs (>42.6 %, AUC= 0.78, p < 0.001) successfully
predicted a poor outcome.

Table 3 shows the diagnostic accuracy of the thalamic GWRs and SRs
for predicting a poor outcome. The specificity and PPV of the thalamic
GWRs and SRs were as high as those of the malignant patterns on EEG
and IICP signs on CT. Especially, PPVs of the thalamic GWRs and SRs
were more than 90 %. However, the sensitivity and the NPV were lower
than those of the malignant patterns of EEG.

In addition, the thalamic GWRs showed negative correlation to the

Table 2
Thalamic gray-white matter ratios and suppression ratios according to clinical
variables.

The thalamic gray-white matter ratio (Median, IQR)

Right

Left

Poor VS Good
outcome
Death VS Survivor

Abnormal VS
Normal CT
findings

1.23 (1.17-1.29) VS 1.26
(1.17-1.29)
1.22(1.14-1.27) VS 1.26
(1.20-1.32)
1.18 (1.12-1.23) VS 1.26
(1.21-1.32)

The suppression ratio (%, Median, IQR)

Poor VS Good
outcome
Death VS Survivor

Malignant VS
Benign patterns
on EEG

Right

58.5 (9.7-91.6) VS 7.0
(0.7-13.3)

82.9 (21.3-96.4) VS 14.4
(3.0-62.1)

73.2 (19.1-95.8) VS 5.9
(1.2-13.6)

1.23(1.17-1.29) VS 1.27
(1.23-1.32)
1.22(1.17-1.27) VS 1.26
(1.20-1.32)
1.19 (1.12-1.23) VS 1.26
(1.21-1.33)

Left

64.9 (11.3-95.4) VS 8.8
(1.0-24.3)

86.5 (28.1-96.8) VS 19.1
(4.4-70.3)

80.9 (26.2-96.4) VS 6.8
(0.8-18.0)

All of the GWRs and SRs were significantly different between the clinical vari-
ables. GWR: gray-white matter ratio, IQR: interquartile range, SR: suppression

ratio
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Table 3
Predicting values for poor outcome*.
n Sensitivity Specificity PPV (%) NPV (%)
(%) (%)
Malignant 175 84 (130/ 90 (18/20) 98 (130/ 42 (18/43)
EEG 155) (68.3-98.8) 132) (32.8-51.5)
(77.1-89.3) (94.6-99.6)
Suppression 175
ratio
Right (>21.5) 63 (98/ 95 (19/20) 99 (98/99) 25 (19/76)
155) (75.1-99.9) (93.5-99.9) (20.9-29.4)
(55.1-70.8)
Left (>34.4) 63 (97/ 85 (17/20) 97 (97/ 23 (17/75)
155) (62.1-96.8) 100) (18.2-27.8)
(54.5-70.2) (91.9-98.9)
Gray-white 168
matter
ratio
Right (<1.24) 54 (80/ 75 (15/20) 94 (80/85) 18 (15/83)
148) (50.9-91.3) (88.1-97.2) (14.0-23.1)
(45.7-62.3)
Left (<1.20) 36 (54/ 90 (18/20) 96 (54/56) 16 (18/
148) (68.3-98.8) (87.7-99.0) 112)
(28.7-44.8) (13.7-18.8)
IICP signs on 175 33 (52/ 100 (20/ 100 (52/ 16 (20/
CT 155) 20) 52) 123)
(26.2-41.6) (83.2-100) (93.2-100) (14.8-17.8)

“ poor prognosis=CPC 3-5; malignant EEG=burst-suppression or suppression
with or without rhythmic periodic patterns; EEG and brain CT were evaluated
within 3 days (interquartile range 2-4 days and 2-5 days, respectively). CPC:
cerebral performance category, IICP: increased intracranial pressure, NPV:
negative predictive value, PPV: positive predictive value

SRs (Fig. 3). This correlation may explain synchronous damages of the
thalamus and cerebral cortices, which represent the thalamic GWRs and
SRs, respectively. Table 4 shows that the damages in either thalamus or
cerebral cortices may be responsible for a poor outcome.

4. Discussion

This study demonstrated that measuring the thalamic GWRs was a
stable and reliable way to evaluate the severity of hypoxic injuries. Intra-
person agreement was higher than inter-person agreement. This is
probably because the anatomic landmark for measurement could be
slightly different between observers. We repeated measurements 3 times
in order to decrease the bias of values, and the average value was ob-
tained. Decreased thalamic GWRs were related to poor outcomes,
deaths, and IICP signs on CT. The pathophysiology of decreased
thalamic GWRs might be related to IICP. IICP with increasing water
content in gray matter would decrease the HU at the thalamus, resulting
in a lower value of the thalamic GWRs. Other studies also showed that
GWRs on B-CT CE- could predict outcomes of patients with HIE (Lee
et al., 2013;Lopez Soto et al., 2020;Wu et al., 2011). The thalamus has
been regarded as one of the target structures in HIE. There are several
studies that have evaluated GWRs of the thalamus as a predictive marker
(Kenda et al., 2021;Wu et al., 2011). Other studies have evaluated the
basal ganglia GWRs based on gray matters such as the caudate nucleus
(CN) or putamen to white matters such as the posterior limb of the in-
ternal capsule or CC (Lee et al., 2011). Also, there is electrophysiological
study that looked at phenomenon generated by damaged thalami
(Endisch et al., 2016). The anatomical landmarks of the CN or putamen
are evident in a normal population, although it is not feasible to measure
it in patients with HIE due to the distortion of structures. On the other
hand, it is relatively easy to measure the thalamus in IICP conditions. We
were able to measure the ROI at the thalamus, although the CN or pu-
tamen was distorted. The fact that 96 % (168/175) of thalamic GWRs
were successfully measured in our study raises a question that
measuring the thalamus might be a better choice rather than CN or
putamen in HIE patients.
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Fig. 3. The correlation between thalamic gray-
white matter ratios and suppression ratios.
Predicting values for poor outcome were left
> 34.4 and right > 21.5 of suppression ratios,
left < 1.20 and right < 1.24 of the thalamic
gray-white matter ratios. Thalamic gray-white
matter ratios were negatively correlated with
suppression ratios (Spearman’s coefficient of
rank correlation =—0.36, p < 0.0001 for right
side, Spearman’s coefficient of rank
correlation=—0.31, p < 0.0001 for left side).
Good prognosis = CPC score 1-2, Poor prog-
nosis=CPC score 3-5.
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Table 4

The thalamic gray-white matter ratios and suppression ratios in the thalamus
level, cortex level, and thalamocortical level.

Poor Good p-value
outcome outcome
Thalamus level
Right thalamic GWR (<1.24) 80/148 5/20 0.015
Left thalamic GWR (<1.20) 54/148 2/20 0.018
Cortex level
Right suppression ratio (>21.5) 54/148 1/20 < 0.0001
Left suppression ratio (>34.4) 97/155 3/20 0.0001
Thalamocortical level
Right thalamic GWR-Right 59/148 0/20 0.0005
suppression ratio
Right thalamic GWR-Right 42/148 0/20 0.0061

suppression ratio

GWR: gray-white matter ratio, Good outcome = CPC 1-2, Poor outcome = CPC
3-5

The IICP signs on CT have been known as a reliable factor to predict a
poor outcome (Ohle et al., 2015). Our study showed that AUC of the
thalamic GWRs were not as different as that of IICP signs on CT in terms
of predicting a poor outcome, suggesting a merit of measurement of the
thalamic GWRs as interpretation of IICP signs on CT may vary
depending on interpreter’s experience level. Plus, the sensitivity of
thalamic GWRs was higher than that of IICP signs on CT.

The SR in this study was defined as a degree of suppressed
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» Good prognosis
= Poor prognosis

background activity less than 3 pV which is a stricter definition than the
ACNS definition of less than 10 pV (Hirsch et al., 2021). The SRs were
independent on the modalities of EEG such as rEEG or cEEG, although
the SRs could be impacted by sedatives. Therefore, we avoided any
sedative medications 30 min prior to performing EEG. The SR is a reli-
able measurement confirmed in the previous study (Lee et al., 2021).
Higher SRs were observed in patients who had severe brain damages and
poor outcomes. This study also demonstrated that the SR was not infe-
rior to the malignant EEG patterns in terms of predicting a poor
outcome. Although the ACNS has suggested the definition of malignant
EEG patterns (Hirsch et al., 2021), the interpretation is still challenging.
Therefore, the SR may be a better alternative for evaluating damages in
the cerebral cortices.

The malignant EEG patterns are well described for predicting a poor
outcome in many literature articles (Hofmeijer et al., 2015;Hofmeijer
and van Putten, 2016;Nolan et al.,2021;Ruijter et al., 2019;Sondag et al.,
2017;Spalletti et al., 2016;Westhall et al., 2016). However, there were
two cases who had malignant EEG patterns among 20 patients of the
good prognosis group. One patient was a 27 years old female who
attempted a suicide with hanging. Patient had no past medical history
except a major depression. Reportedly, patient was brought by her
family member and achieved a ROSC within 15 min. Although the event
caused a moderate cerebral disability with CPC score 2 after all, she was
classified into a good outcome group because we defined good outcome
as CPC score from 1 to 2. The other patient was a previously healthy 45
years old male with a medical history of small bowel perforation. He
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underwent a surgery, but had a cardiac arrest while in the recovery
room. Fortunately, patient achieved a ROSC within 10 min. He also had
a moderate cerebral disability with CPC score 2 after all, but he is now
ambulatory and able to pursue daily activities without assistance.

The TCC damages in HIE might be related with a poor outcome.
Thus, evaluation of TCC function in HIE patients would be important.
There are known prognostication methods such as clinical, electro-
physiological, or serological markers in HIE patients (Nolan et al.,
2021). Only a few studies have focused on the function of TCC, showing
the different patterns of connectivity at default mode network, thalamic
or hippocampal network in patients with a poor outcome. It suggests a
predictive value of resting state fMRI or LORETA with EEG in HIE (De
Stefano et al., 2020;Pugin et al., 2020;Wagner et al., 2020). Although
nothing has been suggested as a gold standard for evaluating the func-
tion of TCC in HIE, the thalamic GWRs and SRs might be utilized for
gauging the degree of TCC damages. Our study demonstrated that the
good outcome group showed neither beyond the cut-off values of
thalamic GWRs nor SRs. The thalamic GWRs and SRs were not measured
simultaneously in our study, but the time of independent acquisition was
not different; 3 days for EEG (interquartile range 2-4 days) and 3 days
for B-CT CE- (interquartile range 2-5 days). We believe the thalamic
GWRs and SRs may reflect the severity of TCC damages in HIE.

This study has several limitations. First, as we only analyzed selected
patients who had both B-CT CE- and EEG, there may be a selection bias.
The cohort in our study involved only 10% good outcome patients,
which is less than the usual 30 % reported in large registry or cohort out-
of-hospital cardiac arrest (OHCA) (Wang et al., 2020). This may have
been due to the selection bias. Withdrawing life-sustaining therapy due
to perceived poor neurological prognosis (WLST-N) is a common cause
of hospital death after OHCA (Elmer et al., 2016). Because the results of
GWRs and SRs were not used to decide on WLST-N in our study, like-
lihood of incorporation bias would be very low.

Second, the outcome was evaluated with CPC at discharge, which is
not always reflecting the consequences of HIE. The mortality could be
resulted from other underlying medical conditions such as sepsis. We
need a prospective study aiming for a long-term outcome.

Third, measurement of the thalamic GWRs could be insufficient
because the ROI (30 mmz) was not large enough to cover the entire
thalamus. In order to diminish variations of the thalamic GWRs, we
measured 3 times for obtaining an average value. In addition, there were
good interpersonal and intrapersonal agreements.

Finally, the thalamic GWRs and SRs were not simultaneously
measured. We believe the following study evaluating the TCC simulta-
neously by using such as resting state fMRI or fMRI-EEG would be
necessary.
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