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ABSTRACT 

Background: Postoperative neurological deterioration (PND) is a serious 

complication in brain tumour surgery, often leading to functional decline or death. 

Timely detection and response are critical, yet delays are common in routine practice. 

Objective: The present study aimed to (1) describe the prevalence, causes, and 

outcomes of PND among brain tumour patients and (2) to assess the impact of a 

structured notification system developed using root cause analysis on clinician 

response time. 

Methods: We retrospectively reviewed brain tumour patients undergoing surgery 

between 2022 and 2025. Data from 2022–2023 were used to describe PND 

prevalence and conduct root cause analysis. A structured notification protocol was 

implemented in February 2024, replacing the previous bottom-up model with a top-

down approach, where bedside nurses directly notified the chief resident. Post-

protocol data from February 2024 to June 2025 were analysed. The primary outcome 

was PND prevalence and etiology. The secondary outcome was time to physician 

response, compared pre- and post-protocol using t-tests and ANOVA. The primary 

outcome was PND prevalence and etiology. The secondary outcome was the 

comparison of time to physician response before and after protocol implementation, 

analysed using t-test and ANOVA. 

Results: PND occurred in 181 of 282 patients (39.8%) during the 2022–2023 period. 

The most common causes were brain oedema (37.6%), hypovolemic shock (11.6%), 

and intracerebral haemorrhage (11.6%). After implementing the protocol, the time to 

response was significantly reduced (p = 0.004). 

Conclusion: PND remains a serious complication in brain tumour surgery. The 

introduction of a structured notification protocol significantly improved the 

timeliness of medical response. This approach may be adaptable to other high-acuity 

settings, such as trauma or critical care, where rapid decision-making is essential. 

 
INTRODUCTION AND IMPORTANCE 

Postoperative neurological deterioration (PND) is a critical and 

relatively common complication following neurosurgical procedures, 

particularly in patients undergoing brain tumor resection. [1,2] Clinical 

manifestations of PND may include changes in consciousness, new 

focal deficits, seizures, or signs of raised intracranial pressure. [3-5] 

Early recognition and prompt intervention are crucial to prevent 

permanent neurological damage and reduce mortality. [6] 
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Despite advances in neurosurgical techniques 

and perioperative care, the incidence of PND 

remains significant. Previous studies have reported 

deterioration rates ranging from 16% to 41%, 

depending on the preoperative neurological deficits, 

eloquent area of tumor, posterior fossa location, and 

patient comorbidities. [1,7,8] Delayed recognition of 

clinical warning signs is a major contributing factor to 

poor outcomes. [9] In busy clinical settings, 

fragmented communication between nursing staff 

and neurosurgical teams can result in missed 

opportunities for timely intervention, particularly in 

the critical hours after surgery. [10] 

To address this issue, structured clinical protocols 

and early warning systems have been increasingly 

adopted in various medical specialties. [11] These 

systems aim to standardize the identification and 

escalation of patient deterioration, ensuring rapid 

evaluation by appropriate medical personnel.[4] 

However, evidence regarding the impact of such 

notification protocols in neurosurgical units, 

especially among postoperative brain tumor 

patients, is limited. Most present research focuses 

on general surgical, medical wards, or intensive care 

units. [4,11,12] There is a lack of research on brain 

tumor patients who had surgery in a specific context.  

The present study was therefore conducted to 

address two main objectives: first, to describe the 

prevalence, clinical features, and outcomes of PND in 

brain tumor patients; and second, to evaluate the 

effect of implementing a structured PND notification 

protocol on the timeliness of physician response.  

 

METHODS 

Study Design and Setting 

This was a retrospective, two-phase cohort study 

conducted at a tertiary neurosurgical center in 

southern Thailand. According to the objective study. 

The study comprised a pre-protocol development 

phase (2022–2023) and a post-protocol 

implementation phase (February 2024 to June 2025). 

 

Patient Population 

All adult patients (aged ≥15 years) with histologically 

confirmed brain tumors who underwent craniotomy 

between January 2022 and June 2025 were eligible 

for inclusion. The primary analysis of PND 

prevalence, clinical features, and causes was based 

on data from 2022 to 2023. Patients who 

experienced any PND during hospitalization were 

included for detailed event-level analysis. Excluded 

patients were those with incomplete medical records 

or who died intraoperatively and therefore could not 

be assessed for postoperative deterioration.  

 
Data Collection 

Data were collected from medical records, including 

demographics, tumor pathology, Karnofsky 

Performance Status (KPS), definite cause of PND, 

treatment of PND, and discharge outcomes. The 

first-noted clinical signs or symptoms were 

important in triggering the notification cascade that 

was collected. In addition, the time from the initial 

symptom (as documented by nursing staff) to 

physician response was recorded.  

The operational definition was created before the 

review of the medical records. PND was defined as 

any new or worsening neurological sign or symptom 

occurring after surgery that required urgent clinical 

evaluation. This included: alteration in the Glasgow 

Coma Scale (GCS), new-onset delirium or confusion, 

development of new focal neurological deficits 

[3,4,13], onset of seizure activity [5], signs of 

increased intracranial pressure. [14] 

Time to clinical response was defined as time 

from the first documentation of neurological 

deterioration (by nursing note or vital signs chart) to 

the first physician response (clinical note, order 

entry, or intervention) recorded in the electronic 

medical record. Time was measured in minutes and 

was compared between the pre- and post-protocol 

periods.  

  
Development of Notification Protocol 

Following the initial analysis and high observed 

prevalence of PND in the 2022–2023 cohort, a 

structured root cause analysis (RCA) was conducted 

by a multidisciplinary team in early 2024. The RCA 

utilized incident reviews, nurse and physician 

interviews, and process mapping to identify critical 

delays in the notification and response process. 

Based on these findings, a structured PND 

Notification Protocol was developed. The protocol 

included: a standardized neurological early warning 

checklist for nurses, a clear escalation pathway. 

Therefore, the protocol was implemented in 

February 2024, and its effect was evaluated using 

data from patients admitted from February 2024 to 

June 2025. 
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Statistical Analysis 

Descriptive statistics were utilized to determine 

clinical characteristics and outcomes. For continuous 

variables, the mean and standard deviation (SD) 

were utilized, whereas percentages were used for 

categorical variables. A Sankey diagram was 

constructed to visualize the multidimensional flow of 

patients experiencing PND, including the sequence 

from presenting symptom, definitive cause, 

treatment approach (surgical vs. conservative), and 

final functional outcome (as measured by KPS). 

Furthermore, Chi-square tests, t-tests, and one-way 

ANOVA were used to compare data before and after 

protocol implementation. To assess the effect of the 

notification protocol, time-to-response was 

compared between cohorts using violin plots and 

corresponding hypothesis tests. A p-value <0.05 was 

considered statistically significant. A p-value <0.05 

was considered statistically significant. All statistical 

analyses and data visualizations were performed 

using R version 4.3.0. 

 

Ethical Considerations 

This study was approved by the Institutional Review 

Board of the Faculty of Medicine, Prince of Songkla 

University (REC 68-322-10-1). Because the present 

study was a retrospective review, the patient's 

informed consent was not required. However, 

patient identification numbers were encoded before 

analysis. 

 

RESULTS 

Clinical characteristics and prevalence of PND 

Among 282 patients, 181 (39.8%) experienced PND. 

The mean age was 51.85 years; 67.7% were female. 

Most common tumor types included meningioma 

(29.5%), pituitary adenoma (21.5%), and glioma 

(19.6%), as shown in Table 1. The most frequent 

definite causes of PND were brain edema (37.6%), 

intracerebral hemorrhage (11.6%), hypovolemic 

shock (11.6%), hypoxemia or pulmonary embolism 

(9.9%), and septic shock (9.4%). The initial clinical 

signs that prompted physician notification were 

classified into four major domains: neurological 

problems (60.8%), cardiovascular or hemodynamic 

problems (18.8%), respiratory problems (9.4%), and 

additional categories (13.8%) for infection-related or 

other systemic issues. These represent the first 

observable signs that triggered clinical concern at the 

bedside. Therefore, a Sankey diagram was 

established to illustrate the multimodal flow of 

patients with PND, including the sequence from 

definite etiology, treatment modality (surgical 

treatment versus conservative treatment), and 

ultimate functional outcome by KPS before hospital 

discharge. Moreover, Figure 1 illustrates the 

pathways of PND among brain tumor patients. In 

detail, the diagram visualizes the relationship 

between (1) the PND patients, (2) the definitive 

causes of deterioration, (3) the treatment 

approaches (surgical vs conservative), and (4) 

outcomes at hospital discharge measured by KPS. 

The thickness of each flow represents the number of 

patients in each category, allowing for visual 

estimation of the most common deterioration 

trajectories. 

 

 
 

Figure 1. Sankey diagram illustrating the pathways of 

postoperative neurological deterioration among brain tumor 

patients. 

 

 
 

Figure 2. Comparison of notification pathways before and after 

protocol implementation for postoperative neurological 

deterioration. Pre-protocol system (left panel). Post-protocol 

system (right panel). 

 

Development of Notification Protocol 

From the RCA, a key finding was the inefficiency of 

the existing bottom-up communication model, in 
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which bedside nurses initially notified the most 

junior on-call physician. This approach often resulted 

in delayed decision-making, communication gaps, 

and redundant escalation steps, particularly during 

night shifts or in high-acuity cases. In response, the 

team restructured the protocol to implement a top-

down notification method, as shown in Table 2. 

Under this revised system, nurses were instructed to 

directly notify the chief or senior neurosurgical 

residents at the first sign or symptom of clinical 

deterioration, bypassing junior-level intermediaries, 

as shown in Figure 2. The new protocol also included 

a standardized neurological early warning checklist 

and training seminars for nursing and resident staff.  

 

Time to Clinical Response Before vs After Protocol 

Implementation 

Changes in the GCS were the most frequent reason 

for initiating physician notification in both cohorts, 

before and after the notification strategy was put 

into the real-world setting. The overall distribution of 

clinical characteristics, tumor type, PND treatment, 

and clinical outcome showed no statistically 

significant difference between groups, as shown in 

Table 3.  

Figure 3 shows that the mean time to clinical 

response was significantly decreased after protocol 

implementation (t-test, p=0.004). Moreover, Figure 4 

presents a violin plot illustrating the distribution of 

time to clinical response among patients with PND, 

stratified by year. (ANOVA, p=0.001). The plot shows 

that the median response time decreased 

progressively following protocol implementation.  

 

 
Figure 3. Violin plot of time to response before vs. after 

protocol. 

 

DISCUSSION 

The present study demonstrated that PND occurred 

in approximately 40% of brain tumor patients, 

highlighting the clinical burden of this complication. 

This is consistent with previous studies, which 

revealed that PND occurred in 16-41% of brain tumor 

cases. [1,8] PND has been associated with a variety 

of intracranial and extracranial etiologies. [4, 15,16] 

In the present study, the most common causes of 

PND were brain edema, hypovolemic shock, and 

intracerebral hemorrhage, all of which are known to 

require early detection and treatment to avoid 

subsequent brain injury. [4,15] These findings are 

consistent with existing neurosurgical literature and 

emphasize the importance of targeted monitoring in 

the early postoperative period. Law et al. studied 

neurological deterioration in patients with 

intracerebral hemorrhage and observed a 

significantly higher rate of hematoma expansion in 

patients with neurological deterioration. [13,17] 

 

 

Figure 4. Comparison of time-to-response stratified by year. 

 

A key finding of this study was the significant 

reduction in time to clinical response following the 

implementation of a structured notification protocol. 

The protocol formalized the process by which 

bedside nurses notified physicians of concerning 

neurological signs, leading to faster medical 

evaluations.[18,19] The present study also 

emphasizes the potential benefits of switching from 

a bottom-up to a top-down communication 

approach in controlling acute clinical deterioration. 

The protocol bypassed delays commonly associated 

with stepwise hierarchical escalation, which is a basic 

principle of LEAN methodology. [20,21] In the pre-

protocol system, sequential escalation through 

junior physicians introduced delays and variability, 

representing a form of “waste” in communication 

flow. By changing the workflow to allow direct nurse-

to-senior resident communication, the new protocol 

removed unnecessary processes and decreased 
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response time, a significant form of process waste 

called in LEAN as "waiting." [21] This streamlined 

approach is consistent with LEAN's emphasis on 

providing value to patients by facilitating more rapid 

decision-making and decreasing damage from 

delayed intervention. [22] Crucially, the idea can be 

applied to other time-sensitive fields like critical care, 

emergency medicine, or cardiology, where prompt 

clinical judgment is crucial and hierarchical barriers 

may prevent immediate intervention. [23-25] 

 
Table 1. Clinical characteristics of brain tumor patients between 2022-2023 (N=282) 
 

Factor N (%) 

Age group-year  

  <60 301 (66.2) 

  >60 154 (33.8) 

Mean age-year (SD)  51.85 (14.36) 

Gender   

  Male 147 (32.3) 

  Female 308 (67.7) 

KPS on the date of admission  

  <80 313 (68.8) 

  >80 142 (31.2) 

Pathological result of brain tumor  

  Meningioma 134 (29.5) 

  Pituitary adenoma  98 (21.5) 

  Glioma 89 (19.6) 

  Primary central nervous system lymphoma 54 (11.9) 

  Metastasis 28 (6.2) 

  Schwannoma 22 (4.8) 

  Craniopharyngioma  11 (2.4) 

  Other  

Postoperative neurological deterioration   181 (39.8) 

The first-noted clinical signs to notify the physician (N=181)  

   Neurological problem  110 (60.8) 

     Glasgow Coma scale alteration 63 (34.8) 

     Seizure 18 (9.9) 

     New neurological deficit 11 (6.1) 

     Persistent headache 9 (5.0) 

     Decreased urine output  5 (2.8) 

     Delirium or agitation  4 (2.2) 

   Cariogenic problem 34 (18.8) 

     Hypotension 24 (13.3) 

     Chest pain 5 (2.8) 

     Blood pressure over normal range  4 (2.2) 

     Bradycardia  1 (0.6) 

   Respiratory problem 17 (9.4) 

   Other 20 (13.8) 

     Fever  14 (7.7) 

     Severe vomiting   6 (3.3) 

Definite cause of neurological deterioration   

   Brain edema 68 (37.6) 

   Intracerebral hemorrhage 21 (11.6) 

   Cerebral infarction 6 (3.3) 

   Meningitis/surgical site infection 13 (7.2) 

   Hypovolemic shock 21 (11.6) 

   Septic shock 17 (9.4) 

   Cardiogenic shock 7 (3.9) 
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   Hypoglycemia/hyperglycemia 6 (3.3) 

   Electrolyte imbalance 4 (2.2) 

   Hypoxemia/pulmonary embolism  18 (9.9) 

Management   

  Conservative treatment 145 (80.1) 

  Surgical treatment  36 (19.9) 

KPS before hospital discharge  

  <80 302 (66.4) 

  >80 153 (33.6) 

Mortality before hospital discharge  73 (16.0) 

Abbreviation: KPS= Karnofsky Performance Status, IQR= Interquartile range, SD= Standard deviation  

 
Table 2. Summary table of root cause analysis 
 

Problem  Root cause Action taken 

Delayed physician response to 

postoperative neurological 

deterioration 

Junior physicians as first contact lacked 

authority to act 

Changed notification to chief resident (top-

down) 

Redundant notification steps Bottom-up communication model 

caused delays  

Eliminated redundant steps by bypassing 

junior staff 

Lack of clarity on escalation 

pathway 

No standard protocol for symptom-

based notification  

Implemented neurological early warning 

checklist  

Inconsistent response urgency  Nursing staff unsure whom to notify 

first  

Conducted training and posted visual 

escalation guide  

 
Table 3. Clinical characteristics of patients with postoperative neurological deterioration between before and after protocol 

implication 
 

Factor Period of protocol implication  

 Before (N=181) After (N=101)  

 N (%) N (%) p-value 

Age group-year   0.73 

  <60 120 (66.3) 69 (68.3)  

  >60 61 (33.7) 32 (31.7)  

Mean age-year (SD)  51.69 (14.21) 51.08 (13.94) 0.72 

Gender    0.47 

  Male 50 (27.6) 32 (31.7)  

  Female 131 (72.4) 69 (68.3)  

KPS on the date of admission   0.62 

  <80 104 (57.5) 55 (54.5)  

  >80 77 (42.5) 46 (45.5)  

Pathological result of brain tumor    

  Meningioma 52 (28.7) 28 (27.7) 0.85 

  Pituitary adenoma 48 (26.5) 24 (23.8) 0.61 

  Glioma 34 (18.8) 17 (16.8) 0.68 

  Primary central nervous system lymphoma 19 (10.5) 17 (16.8) 0.12 

  Metastasis 6 (3.3) 0 (0) 0.06 

  Schwannoma 13 (7.2) 9 (8.9) 0.60 

  Craniopharyngioma  9 (5.0) 6 (5.9) 0.72 

  Other    

The first-noted clinical signs to notify the physician   0.97 

   Neurological problem  110 (60.8) 61 (60.4)  

     Glasgow Coma scale alteration 63 (34.8) 35 (34.7)  

     Seizure 18 (9.9) 10 (9.9)  

     New neurological deficit 11 (6.1) 9 (8.9)  
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     Persistent headache 9 (5.0) 5 (5.0)  

     Decreased urine output  5 (2.8) 1 (1.0)  

     Delirium or agitation  4 (2.2) 1 (1.0)  

   Cariogenic problem 34 (18.8) 23 (22.8)  

     Hypotension 24 (13.3) 17 (16.8)  

     Chest pain 5 (2.8) 2 (2.0)  

     Blood pressure over normal range  4 (2.2) 3 (3.0)  

     Bradycardia  1 (0.6) 1 (1.0)  

   Respiratory problem 17 (9.4) 10 (9.9)  

   Other 20 (13.8) 7 (6.9)  

     Fever  14 (7.7) 6 (5.9)  

     Severe vomiting   6 (3.3) 1 (1.0)  

Definite cause of neurological deterioration    0.99 

   Brain edema 68 (37.6) 41 (40.6)  

   Intracerebral hemorrhage 21 (11.6) 12 (11.9)  

   Cerebral infarction 6 (3.3) 3 (3.0)  

   Meningitis/surgical site infection 13 (7.2) 6 (5.9)  

   Hypovolemic shock 21 (11.6) 12 (11.9)  

   Septic shock 17 (9.4) 7 (6.9)  

   Cardiogenic shock 7 (3.9) 5 (5.0)  

   Hypoglycemia/hyperglycemia 6 (3.3) 3 (3.0)  

   Electrolyte imbalance 4 (2.2) 2 (2.0)  

   Hypoxemia/pulmonary embolism 18 (9.9) 10 (9.9)  

Management    0.98 

  Conservative treatment 145 (80.1) 81 (80.2)  

  Surgical treatment  36 (19.9) 20 (19.8)  

KPS before hospital discharge   0.82 

  <80 101 (55.8) 55 (54.5)  

  >80 80 (44.2) 46 (45.5)  

Mortality before hospital discharge  48 (26.5) 27 (26.7) 0.96 

Abbreviation: KPS= Karnofsky Performance Status, IQR= Interquartile range, SD= Standard deviation  

 
From statistical analysis, patients who received faster 

responses after the notification protocol 

implementation. However, mortality rates and 

functional outcome did not differ significantly 

between the pre- and post-protocol groups in the 

present study. From a prior study, neurological 

deterioration in both the early and late phases was 

significantly associated with mortality in 

hemorrhagic stroke. [13] Furthermore, Liu et al. 

studied stroke registry data and reported that 

patients with neurological impairment in both the 

early and late stages had a significantly lower 

functional outcome. [14] Therefore, a multicenter 

study should be conducted in the future to explore 

the association of PND and clinical outcomes. 

Although this association has been inconclusive, the 

notification protocol led to a shorter duration of 

clinical response that is consistent with the concepts 

of high-quality healthcare systems for patient safety. 

[26] Moreover, Correia et al. evaluated an early 

warning score in critical disease patients and 

discovered that the score system increased early 

medical treatment by 40%. [9] In order to verify these 

findings and assess the clinical outcome of early 

detection of PND, a prospective study with 

standardized data collection is required in the future. 

[27,28]  

The present study has several limitations. First, its 

single-center, retrospective nature would restrict its 

applicability to other neurosurgical populations with 

different notification processes. [29] Additionally, 

while the protocol improved response times, we did 

not assess long-term outcomes beyond discharge. 

[29,30] Future prospective studies should 

incorporate follow-up data and examine whether 

similar benefits can be observed across diverse 

neurosurgical populations. Furthermore, integration 

of automated alerts or digital monitoring systems 

may further enhance early detection and warrant 

exploration. [31,32] 
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CONCLUSION 

PND remains a common and serious complication in 

brain tumor surgery. The introduction of a 

structured notification protocol significantly 

improved the timeliness of medical response. The 

protocol reflects LEAN principles by eliminating 

unnecessary steps and minimizing delay, thereby 

increasing workflow efficiency in neurosurgical care. 

This approach may be adaptable to other high-acuity 

settings, such as trauma or critical care, where rapid 

decision-making is essential.  

 

 

REFERENCES 
1. Zetterling M, Elf K, Semnic R, Latini F, Engström ER. Time 

course of neurological deficits after surgery for primary 

brain tumours. Acta Neurochir (Wien). 2020 

Dec;162(12):3005-3018. https://doi.org/10.1007/s00701-

020-04425-3.  

2. Park J, Park YG. Brain Tumor Rehabilitation: Symptoms, 

Complications, and Treatment Strategy. Brain 

Neurorehabil. 2022 Nov 29;15(3):e25. 

https://doi.org/10.12786/bn.2022.15.e25.  

3. St Louis EK, Wijdicks EF, Li H. Predicting neurologic 

deterioration in patients with cerebellar hematomas. 

Neurology. 1998 Nov;51(5):1364-9. https://doi.org/1 

0.1212/wnl.51.5.1364.  

4. Cuadrado-Godia E. Early neurological deterioration, easy 

methods to detect it. Indian J Med Res. 2015 

Mar;141(3):266-8. https://doi.org/10.4103/0971-5916.1 

56547.  

5. Scoppettuolo P, Gaspard N, Depondt C, Legros B, Ligot N, 

Naeije G. Epileptic activity in neurological deterioration 

after ischemic stroke, a continuous EEG study. Clin 

Neurophysiol. 2019 Dec;130(12):2282-2286. 

https://doi.org/10.1016/j.clinph.2019.09.005.  

6. Zafar A, Khatri IA. An overview of complications affecting 

the Central Nervous System following bariatric surgery. 

Neurosciences (Riyadh). 2018 Jan;23(1):4-12. 

https://doi.org/10.17712/nsj.2018.1.20170316.  

7. Ferroli P, Broggi M, Schiavolin S, Acerbi F, Bettamio V, 

Caldiroli D, Cusin A, La Corte E, Leonardi M, Raggi A, 

Schiariti M, Visintini S, Franzini A, Broggi G. Predicting 

functional impairment in brain tumor surgery: the Big 

Five and the Milan Complexity Scale. Neurosurg Focus. 

2015 Dec;39(6):E14. https://doi.org/10.3171/2015.9. 

FOCUS15339.  

8. Lonjaret L, Guyonnet M, Berard E, Vironneau M, Peres F, 

Sacrista S, Ferrier A, Ramonda V, Vuillaume C, Roux FE, 

Fourcade O, Geeraerts T. Postoperative complications 

after craniotomy for brain tumor surgery. Anaesth Crit 

Care Pain Med. 2017 Aug;36(4):213-218. 

https://doi.org/10.1016/j.accpm.2016.06.012.  

9. Correia N, Rodrigues RP, Sá MC, Dias P, Lopes L, Paiva A. 

Improving recognition of patients at risk in a Portuguese 

general hospital: results from a preliminary study on the 

early warning score. Int J Emerg Med. 2014 Jul 10;7:22. 

https://doi.org/10.1186/s12245-014-0022-7.  

10. Leso V, Fontana L, Caturano A, Vetrani I, Fedele M, Iavicoli 

I. Impact of Shift Work and Long Working Hours on 

Worker Cognitive Functions: Current Evidence and 

Future Research Needs. Int J Environ Res Public Health. 

2021 Jun 17;18(12):6540. https://doi.org/10.3390/ije 

rph18126540.  

11. Peng L, Luo Z, Liang L, Liu M, Meng L, Tan J, Song L, Zhang 

Y, Wu L. Comparison of the Performance of 24 Early 

Warning Scores with the Updated National Early Warning 

Score (NEWS2) for Predicting Unplanned Intensive Care 

Unit (ICU) Admission in Postoperative Brain Tumor 

Patients: A Retrospective Study at a Single Center. Med 

Sci Monit. 2021 Mar 2;27:e929168. 

https://doi.org/10.12659/MSM.929168.  

12. Teasdale GM. The National early warning score (NEWS) is 

not suitable for all patients. BMJ. 2012 Sep 4;345:e5875. 

https://doi.org/10.1136/bmj.e5875.  

13. Law ZK, Dineen R, England TJ, Cala L, Mistri AK, Appleton 

JP, Ozturk S, Bereczki D, Ciccone A, Bath PM, Sprigg N; 

TICH-2 investigators. Predictors and Outcomes of 

Neurological Deterioration in Intracerebral Hemorrhage: 

Results from the TICH-2 Randomized Controlled Trial. 

Transl Stroke Res. 2021 Apr;12(2):275-283. 

https://doi.org/10.1007/s12975-020-00845-6.  

14. Liu P, Liu S, Feng N, Wang Y, Gao Y, Wu J. Association 

between neurological deterioration and outcomes in 

patients with stroke. Ann Transl Med. 2020 Jan;8(1):4. 

https://doi.org/10.21037/atm.2019.12.36.  

15. Howard RS, Baheerathan A, Brown R, Spillane J, Waraich 

M. Neurological aspects of electrolyte disorders. Pract 

Neurol. 2025 Jul 14;25(4):303-312. 

https://doi.org/10.1136/pn-2023-003801.  

16. Tunthanathip T, Oearsakul T, Taweesomboonyat C, 

Sanghan N, Duangsoithong R. Image-based detection of 

the internal carotid arteries and sella turcica in 

endoscopic endonasal transsphenoidal surgery. 

Neurosurg Focus. 2025;59(1):E11. https://doi.org/10 

.3171/2025.4.FOCUS24940.  

17. Tunthanathip T, Sae-Heng S, Oearsakul T, Zhang J, Ding J, 

Zeng Q, et al. Economic impact of a machine learning-

based strategy for preparation of blood products in brain 

tumor surgery. PLoS One. 2022;17(7):e0270916. 

https://doi.org/10.1371/journal.pone.0270916.  

18. Han JH, Han C, Park S, Kim YJ, Kim BJ. Effect of Nurse's 

detection of neurological deterioration on the prognosis 

of patients with acute cerebral infarction. Heliyon. 2024 

Jun 5;10(12):e32175. https://doi.org/10.1016/j.heli 

yon.2024.e32175.  

19. Tunthanathip T, Duangsuwan J, Wattanakitrungroj N, 

Tongman S, Phuenpathom N. Comparison of intracranial 

injury predictability between machine learning 

algorithms and the nomogram in pediatric traumatic 

brain injury. Neurosurg FOCUS 2021;5;E7. 

https://doi.org/10.3171/2021.8.FOCUS2155. 



 276 Thara Tunthanathip, Natthanee Pisitthaworakul 

20. Cohen RI. Lean Methodology in Health Care. Chest. 2018 

Dec;154(6):1448-1454. 

https://doi.org/10.1016/j.chest.2018.06.005.  

21. Lawal AK, Rotter T, Kinsman L, Sari N, Harrison L, Jeffery 

C, Kutz M, Khan MF, Flynn R. Lean management in health 

care: definition, concepts, methodology and effects 

reported (systematic review protocol). Syst Rev. 2014 Sep 

19;3:103. https://10.1186/2046-4053-3-103.  

22. Mazzocato P, Holden RJ, Brommels M, Aronsson H, 

Bäckman U, Elg M, Thor J. How does lean work in 

emergency care? A case study of a lean-inspired 

intervention at the Astrid Lindgren Children's hospital, 

Stockholm, Sweden. BMC Health Serv Res. 2012 Feb 

1;12:28. https://doi.org/10.1186/1472-6963-12-28.  

23. Breen LM, Trepp R Jr, Gavin N. Lean Process 

Improvement in the Emergency Department. Emerg Med 

Clin North Am. 2020 Aug;38(3):633-646. 

https://10.1016/j.emc.2020.05.001.  

24. Mazzocato P, Thor J, Bäckman U, Brommels M, Carlsson 

J, Jonsson F, Hagmar M, Savage C. Complexity 

complicates lean: lessons from seven emergency 

services. J Health Organ Manag. 2014;28(2):266-88. 

https://doi.org/10.1108/JHOM-03-2013-0060.  

25. Taweesomboonyat T, Kaewborisutsakul A, Tunthanathip 

T, Saeheng H, Oearsakul T. Necessity of in-hospital 

neurological observation for mild traumatic brain injury 

patients with negative computed tomography brain 

scans. J Health Sci Med Res. 2020;38:267–74.  

https://doi.org//10.31584/jhsmr.2020746 

26. Vincent JL, Einav S, Pearse R, Jaber S, Kranke P, Overdyk 

FJ, Whitaker DK, Gordo F, Dahan A, Hoeft A. Improving 

detection of patient deterioration in the general hospital 

ward environment. Eur J Anaesthesiol. 2018 

May;35(5):325-333. doi: 10.1097/EJA.0000000000000798.  

27. Tunthanathip T, Buakate K. Development and internal 

validation of nomogram for chronic subdural hematoma 

recurrence after surgery. J Xiangya Med. 2025;10:2. 

https://doi.org/10.21037/jxym-24-83 

28. Trakulpanitkit A, Tunthanathip T. Comparison of 

intracranial pressure prediction in hydrocephalus 

patients among linear, non-linear, and machine learning 

regression models in Thailand. Acute Crit Care. 

2023;38(3):362-370. 

https://doi.org/10.4266/acc.2023.00094.  

29. Jitchanvichai J, Tunthanathip T. Cost-effectiveness of 

intracranial pressure monitoring in severe traumatic 

brain injury in Southern Thailand. Acute Crit Care. 

2025;40(1):69-78. https://doi.org/10.4266/acc.004080.  

30. Tunthanathip T, Kaewborisutsakul A, Supbumrung S. 

Comparative analysis of deep learning architectures for 

performance of image classification in pineal region 

tumors. J Med Artif Intell. 2025;8:1. 

https://doi.org/d10.21037/jmai-24-12 

31. Kaewborisutsakul A, Tunthanathip T. Development and 

internal validation of a nomogram for predicting 

outcomes in children with traumatic subdural 

hematoma. Acute Crit Care. 2022;37(3):429-437. 

https://doi.org/10.4266/acc.2021.01795.  

32. Tunthanathip T, Duangsoithong R, Sae-Heng S. Prognosis 

of subarachnoid hemorrhage determined by intracranial 

pressure thresholds. J Cerebrovasc Endovasc Neurosurg. 

2025 Jul 23. doi: 10.7461/jcen.2025.E2025.04.003.  
 

 

http://doi.org/10.31584/jhsmr.2020746
http://doi.org/10.31584/jhsmr.2020746
https://doi.org/10.21037/jxym-24-83
https://doi.org/d10.21037/jmai-24-12

