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ABSTRACT
Objective: To evaluate treatment outcomes and analyze predictive factors associated with favorable outcomes in 
patients with acute tandem occlusion (TO) stroke who underwent mechanical thrombectomy (MT) at a single, 
high-volume center.
Materials and Methods: This retrospective study analyzed patients with anterior circulation stroke who underwent 
MT between January 2010 and December 2023. Ninety-two patients with TO, defined as severe stenosis (>70%) or 
occlusion of the cervical internal carotid artery (c-ICA) with concurrent intracranial occlusion, were identified. The 
primary endpoint was a favorable functional outcome (modified Rankin Scale [mRS] 0–2) at 90 days. Multivariate 
logistic regression was performed to identify independent predictors.
Results: Of 743 anterior circulation patients (651 single occlusion [SO], 92 TO [12.4%]), favorable outcomes were 
achieved in 55.4% of TO patients with a mortality rate of 9.8%, not significantly different from SO (58.0% favorable, 
7.9% mortality; p=0.67) in unadjusted comparison. Multivariate analysis identified three independent predictors of 
favorable outcomes: age ≤65 years (OR 5.2, 95% CI 1.6–16.5, p=0.005), initial NIHSS ≤16 (OR 3.9, 95% CI 1.2–12.5, 
p=0.022), and successful recanalization (mTICI ≥2b) (OR 6.5, 95% CI 1.1–39.9, p=0.043).
Conclusion: MT for acute TO yields outcomes comparable to SO in unadjusted analysis. Age ≤65 years, lower initial 
NIHSS, and successful recanalization are key predictors of favorable outcomes. Acute carotid stenting showed a 
trend toward better functional outcomes but was associated with higher hemorrhage rates; definitive conclusions 
require further investigation.

Keywords: Tandem occlusion; mechanical thrombectomy; acute ischemic stroke; carotid stenting; clinical outcome; 
predictive factors (Siriraj Med J 2026;78(5):332-349)

INTRODUCTION
	 Approximately 10–20%1–3 of individuals with 
large vessel occlusion (LVO) undergoing endovascular 
mechanical thrombectomy (MT) for anterior circulation 
acute ischemic stroke (AIS) present with tandem occlusion 
(TO). TO is defined as the simultaneous presence of 
severe stenosis (>70% based on NASCET criteria) or 
complete occlusion of the extracranial carotid artery, 
together with an ipsilateral intracranial vascular territory 
occlusion.2

	 TO is more prevalent in males than females 
(approximately 60% versus 40%)4 and is associated with 
less favorable functional outcomes compared to single 
occlusion (SO). Management remains challenging due to 
limited inclusion of TO cases in randomized controlled 
MT trials5 and the absence of definitive, guideline-
based recommendations, particularly regarding acute 
stenting for severe stenosis or occlusion of c-ICA.6–8 

Recanalization strategies vary considerably, influenced 
by clinical considerations, anatomical factors, and 
physician preference.9 Despite undergoing endovascular 
MT, individuals with tandem occlusion still experience 
high rates of disability and death.8

	 This study aims to examine the demographics, 
treatment strategies, and outcomes of TO patients 
undergoing mechanical thrombectomy at Siriraj Hospital. 
It further aims to analyze factors associated with favorable 

results and evaluate the safety, efficacy, and technical 
strategies employed during the intervention. While the 
primary clinical findings are consistent with those of 
major registries such as TITAN, ETIS, and ESCAPE-
NA1, this study offers several distinct contributions: (1) 
a detailed procedural complication profile—including 
iatrogenic carotid-cavernous fistula and retinal artery 
occlusion—that has been underreported in prior registries; 
(2) clot pathology data showing a high prevalence of RBC-
rich thrombi; and (3) geographic and practice-pattern 
diversity as one of the few reports from a high-volume 
center in Southeast Asia.6–8,19,20 The ultimate goal is to 
provide evidence-based insights into the management 
of tandem occlusion cases to guide optimal management 
and improve overall patient outcomes.

MATERIALS AND METHODS
	 This retrospective study utilized data from the 
Siriraj Center of Interventional Radiology stroke registry, 
which includes patients who underwent MT at Siriraj 
Hospital. Data collected included demographic details, 
premorbid factors, and clinical parameters such as the 
NIHSS score at admission and discharge. Additionally, 
the study includes information on pre-interventional 
radiological studies, procedural variables, complications 
arising during the intervention, and functional outcomes 
assessed at 90-day follow-up.
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	 Patients diagnosed with TO who underwent 
mechanical thrombectomy between January 2010 and 
December 2023 were included. Out of a total of 866 stroke 
patients, 92 were identified as having tandem occlusion 
and subsequently underwent MT. Tandem occlusion 
was defined as the simultaneous anterior circulation 
occlusion and ipsilateral severe stenosis (>70% stenosis) 
or occlusion of the c-ICA. Thorough data regarding 
baseline characteristics, comorbidities, safety outcomes, 
and clinical outcomes were collected. The investigation 
also assessed factors influencing safety and functional 
outcomes. Ethical approval was duly obtained from the 
regional ethics committee, and informed consent was 
secured from patients or their legal representatives.
	 It is important to acknowledge that the 14-year 
inclusion period (2010–2023) spans substantial changes 
in thrombectomy devices, imaging selection criteria, 
anesthesia practice, and post-procedural management 
protocols. During the earlier part of the study period, 
first-generation mechanical thrombectomy devices were 
predominantly used, whereas later years saw the adoption 
of newer-generation stent retrievers and large-bore 
aspiration catheters. Similarly, patient selection evolved 
with the increasing use of advanced imaging (e.g., CT 
perfusion) in later years.19 These temporal changes may 
introduce confounding that should be considered when 
interpreting the results.

The Siriraj Protocol for Tandem Occlusion
	 The choice between antegrade and retrograde 
approaches was determined by the interventionalist 
based on the following criteria (Fig 1). The antegrade 
approach—in which the cervical ICA lesion was treated 
first before navigating to the intracranial occlusion—was 
preferred when the cervical ICA stenosis was deemed 
passable with standard devices (e.g., balloon angioplasty 
and/or carotid stenting) and when pre-procedural imaging 
suggested that the cervical lesion could be crossed safely 
without significant risk of dissection or perforation. The 
retrograde approach—in which the intracranial occlusion 
was addressed first by navigating through or bypassing the 
cervical ICA lesion—was chosen when the cervical ICA 
was completely occluded or when the operator judged that 
attempting cervical treatment first would unacceptably 
delay intracranial reperfusion. In cases where the cervical 
ICA could not be crossed, alternative access routes (e.g., 
contralateral ICA via anterior communicating artery) 
were considered. The primary objective in all cases was to 
achieve prompt reperfusion of the intracranial occlusion.
	 The recanalization procedure was carried out under 
either general anesthesia (GA) or local anesthesia (LA). 
Overall, GA was used in 91.3% of cases. During the 

earlier study period (2010–2015), both GA and LA were 
employed at the clinician’s discretion, with LA selected in 
cases where rapid neurological assessment was prioritized 
or when anesthesia-related delays were a concern. From 
2015 onward, the institutional protocol was standardized 
to GA for all mechanical thrombectomy procedures to 
optimize patient immobility and airway control during 
complex neurointerventional procedures. This transition 
accounts for the high overall proportion of GA in the 
cohort. Cerebral angiography and MT were conducted 
via femoral access. MT for intracranial lesions involved 
manual aspiration alone, the use of a stent retriever, or 
a combination of both techniques. Cervical ICA lesions 
were treated with percutaneous transluminal angioplasty 
and/or stenting.
	 For patients undergoing placement of a permanent 
stent (carotid stenting), Flat-paneled CT was performed 
beforehand to ensure the absence of intracranial hemorrhage. 
Regarding the timing of dual antiplatelet therapy 
(DAPT) relative to stenting: patients were administered 
either Eptifibatide (a glycoprotein IIb/IIIa inhibitor) 
intravenously during the procedure immediately prior 
to stent deployment, or an oral dual antiplatelet regimen 
(aspirin with clopidogrel or ticagrelor) via nasogastric 
tube intraoperatively. Stents used included Acculink® 
(Abbott, USA) and Wallstent® (Boston Scientific, USA). 
Post-stenting, systolic blood pressure was maintained 
between 100–140 mmHg for 72 hours, depending on final 
recanalization status and core infarction size. A follow-
up brain CT was performed at 24 hours post-procedure. 
Once this follow-up imaging confirmed the absence of 
hemorrhagic complications, patients who had received 
only the glycoprotein IIb/IIIa inhibitor intraoperatively 
were transitioned to oral DAPT, which included aspirin 
(81 mg/day) along with either Clopidogrel (150 mg/day) 
or Ticagrelor (180 mg/day).
	 Stroke severity was assessed using the National Institutes 
of Health Stroke Scale (NIHSS) at both the preprocedural 
and post-procedural stages. The level of dependence or 
disability was assessed using the modified Rankin Scale 
(mRS) 90 days following mechanical thrombectomy.
	 Early signs of infarction were assessed using the 
Alberta Stroke Program Early CT Score (ASPECTS). The 
occlusion site was determined by computed tomography 
angiography (CTA) or magnetic resonance angiography 
(MRA). Collateral circulation was evaluated using multiphase 
CTA, and recanalization success post-MT was evaluated 
based on the modified Thrombolysis in Cerebral Infarction 
(mTICI) scale on the final digital subtraction angiography 
(DSA), with successful reperfusion defined as a mTICI 
score of 2b, 2c, or 3.

Wichianrat et al.
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Fig 1. Siriraj treatment protocol for acute tandem occlusion stroke.
Abbreviations: CAS = Carotid artery stenting, CEA = Carotid endarterectomy

	 Intracranial hemorrhage was classified according to 
the Heidelberg Bleeding Classification (HBC). Symptomatic 
intracranial hemorrhage (sICH) was defined as a ≥4-point 
worsening in NIHSS attributable to hemorrhage.10

Statistical analyses
	 Statistical analyses were performed using SPSS 
version 26.0. Continuous variables were summarized 
as mean and standard deviation (SD), and categorical 
variables as frequency (percentage). Bivariate analyses 
were conducted using the χ2 or Fisher’s exact test, as 
appropriate. Binary logistic regression was utilized with 

favorable functional outcomes as the dependent variable. 
Variables with a p-value <0.05 in bivariate analyses were 
entered into a multivariate logistic regression model.
	 Limitations of statistical comparisons: Given the 
retrospective, observational design and the relatively small 
sample size (n=92 for TO), the comparisons between 
tandem and single occlusion, acute stenting versus 
no stenting/delayed treatment, and antegrade versus 
retrograde approaches are descriptive and unadjusted. No 
propensity-score matching or multivariable adjustment was 
performed for these subgroup comparisons. Consequently, 
statements regarding comparability of outcomes between 
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groups should be interpreted with caution, as residual 
confounding and limited statistical power may affect 
the findings.
	 The study was approved by the Regional Ethics 
Committee of Siriraj Hospital, Mahidol University. 
Written informed consent was obtained from each patient 
or their legally authorized representative.

RESULTS
	 During the study period, 866 patients underwent MT 
for acute stroke, of whom 743 had anterior circulation 
medium or large vessel occlusion (651 with single occlusion 
and 92 with tandem occlusion). Ninety-two patients met the 
criteria for TO (Fig 2). The most common lesion locations 
were left-sided occlusion (52 patients, 56.5%), cervical 
ICA (52, 56.5%), and M1 segment (71, 77.2%). The mean 
age of TO patients (Table 1) was 68.88±12.89 years, and 
62 patients (67.4%) were male. Comorbidities included 
diabetes mellitus in 25 patients (27.2%), hypertension in 
52 (56.5%), dyslipidemia in 31 (33.7%), atrial fibrillation 
in 24 (26.1%), coronary disease in 13 (14.1%), previous or 
current smoking in 30 (32.6%), and prior stroke or TIA 
in 13 (14.1%). Median NIHSS score on presentation was 
17 (IQR 2–28), and 59.8% received rt-PA. Upon imaging 
examination, median ASPECTS was 8 (IQR 5–10), and 
the most frequent collateral score was 4 (59.8%).
	 Mechanical thrombectomy was performed under 
general anesthesia in 91.3% of cases, using either anterograde 

Fig 2.  Study flowchart.

or retrograde approaches. Successful recanalization 
(mTICI ≥ 2b) was achieved in 85.9% of patients. The 
most common intracranial technique for reperfusion 
was manual aspiration alone, accounting for 41.3% of 
cases, followed by a combination of manual aspiration 
plus stent retriever at 29.3%, stent retriever alone at 
18.5%, and the Solumbra technique at 10.9%.
	 In the management of cervical internal carotid artery, 
angioplasty was required in 26.1% of cases, angioplasty 
with primary stenting in 19.6%, and primary stenting 
alone in 2.2%. Notably, 52.1% of cervical ICA lesions 
were managed conservatively during the index procedure. 
In this context, “conservative” management refers to 
cases where no acute intervention was performed on 
the cervical ICA during the thrombectomy procedure 
itself; however, this did not necessarily mean permanent 
non-intervention. Among these conservatively managed 
patients, some had spontaneous recanalization of the 
cervical ICA following intracranial thrombectomy, some 
had residual stenosis that was deemed hemodynamically 
non-significant during the acute phase, and others were 
planned for delayed carotid treatment (CEA or CAS) 
within 90 days after clinical stabilization. The average 
time from puncture-to-recanalization was 54.70±51.39 
minutes, while the mean onset-to-recanalization time 
was 337.31±184.61 minutes.
	 A favorable outcome, defined as a modified Rankin 
Scale (mRS) score of 0–2 at 90 days post mechanical 

Wichianrat et al.
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TABLE 1. Baseline characteristics of patients with acute tandem occlusion stroke. 

            Characteristic	 Tandem occlusion (N=92)

Age, years	 68.88±12.89

Gender

	 Male	 62 (67.4%)

	 Female	 30 (32.6%)

Comorbidities

	 Diabetes mellitus	 25 (27.2%)

	 Hypertension	 52 (56.5%)

	 Dyslipidemia	 31 (33.7%)

	 Atrial fibrillation	 24 (26.1%)

	 Coronary disease	 13 (14.1%)

	 Previous or current smoking	 30 (32.6%)

	 Previous stroke or TIA	 13 (14.1%)

Received intravenous rt-PA	 55 (59.8%)

NIHSS

	 Initial	 17 (2-28)

	 Post mechanical thrombectomy	 7 (0-32)

ASPECT	 8 (5-10)

Collateral score

	 3	 11 (12.0%)

	 4	 55 (59.8%)

	 5	 21 (22.8%)

	 No evaluation	 5 (5.4%)

Left side occlusion	 52 (56.5%)

Location of occlusions

	 C-ICA and M1	 71 (77.2%)

	 C-ICA and M2	 6 (6.5%)

	 C-ICA and intracranial ICA	 8 (8.7%)

	 CCA and M1	 5 (5.4%)

	 CCA and intracranial ICA	 2 (2.2%)

Puncture to recanalization, mins	 54.70±51.39

Onset to recanalization, mins	 337.31±184.61

Successful recanalization (mTICI 2b-3)	 79 (85.9%)

Anesthesia

	 General anesthesia	 84 (91.3%)

	 Local anesthesia	 8 (8.7%)

Cervical ICA pathology

	 Atherosclerosis	 79 (85.9%)

	 Dissection	 13 (14.1%)
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TABLE 1. Baseline characteristics of patients with acute tandem occlusion stroke. (Continue) 

            Characteristic	 Tandem occlusion (N=92)

Approach technique

	 Antegrade	 67 (72.8%)

	 Retrograde	 25 (27.2%)

Acute cervical ICA treatment

	 PTBA	 24 (26.1%)

	 PTBA with CAS	 18 (19.6%)

	 CAS only	 2 (2.2%)

	 Conservative	 48 (52.1%)

Intracranial occlusion treatment

	 Manual aspiration	 38 (41.3%)

	 Stent retriever	 17 (18.5%)

	 Solumbra technique	 10 (10.9%)

	 Manual aspiration and stent retriever	 27 (29.3%)

Favorable outcome at 90 days (mRS 0-2)	 51 (55.4%)

Symptomatic ICH	 4 (4.3%)

Mortality rate	 9 (9.8%)

Delayed cervical ICA treatment within 90 days

	 Carotid endarterectomy	 4 (4.3%)

	 Carotid stenting	 9 (9.8%)

Antiplatelet/Anticoagulant

	 Aspirin	 65 (70.7%)

	 Ticagrelor	 15 (16.3%)

	 Clopidogrel	 28 (30.4%)

	 Warfarin	 11 (11.9%)

Dual antiplatelet/anticoagulant	 44 (47.8%)

Abbreviations: TIA = Transient ischemic attack, rt-PA = Recombinant Tissue Plasminogen Activator, NIHSS = National Institutes of 
Health Stroke Scale, ASPECT = Alberta Stroke Program Early CT Score, C-ICA = cervical segment of internal carotid artery, ICA = internal 
carotid artery, CCA = common carotid artery, mTICI = Modified Treatment in Cerebral Ischemia score, PTBA = percutaneous transluminal 
balloon angioplasty, CAS = Carotid artery stenting, mRS = modified Rankin Scale, ICH = intracranial hemorrhage

thrombectomy, was achieved in 55.4% of patients. The 
mortality rate was 9.8%, and symptomatic intracranial 
hemorrhage (ICH) occurred in 4.3% of cases. Importantly, 
outcomes following mechanical thrombectomy for tandem 
occlusion did not differ significantly from those for 
single occlusion cases (p=0.67), Fig 3; however, this 
comparison is unadjusted and should be interpreted 
with caution given potential confounders and limited 
power. A formal comparison of baseline characteristics 
between the TO and SO groups was not performed in 
the current study; this limitation is acknowledged in 

the Limitations section, and we recognize that baseline 
imbalances may have influenced the observed similarity 
in outcomes.
	 Most collected clot pathologies were characterized as 
RBC-rich (red clots), constituting 89% of cases. This high 
proportion of RBC-rich clots is noteworthy, as RBC-rich 
thrombi are classically associated with cardioembolic or 
stasis-related mechanisms—such as thrombi formed in 
the cardiac chambers in the setting of atrial fibrillation—
rather than platelet-rich (white) thrombi typically seen 
in local arterial atherothrombosis. In our cohort, 26.1% 

Wichianrat et al.
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Fig 3. Functional outcomes at 90 days after mechanical thrombectomy: comparison between tandem occlusion and single occlusion.
Abbreviation: mRS = modified Rankin Scale

of patients had atrial fibrillation, which aligns with this 
finding and suggests that a substantial proportion of 
intracranial occlusions in TO may represent cardioembolism 
superimposed on pre-existing carotid atherosclerosis, 
rather than local propagation of carotid thrombus. This 
dual pathological mechanism has implications for both 
acute management (anticoagulation strategy) and long-
term secondary prevention.20

	 Thirteen patients (14.1%) scheduled appointments 
for delayed cervical ICA treatment within 90 days post 
mechanical thrombectomy, with carotid endarterectomy 
(CEA) performed in 4.3% of cases and carotid artery 
stenting (CAS) in 9.8% of cases. The average length of 
hospital stay was approximately 10.9±10.4 days.
	 Among the nine deaths recorded, the causes varied 
and encompassed a range of complications and medical 
conditions, including two cases of periprocedural 
complications occurring after the completion of 
thrombectomy (within 24 hours) that led to intracerebral 
hemorrhage. Additionally, sequelae from poor recanalization 
in two cases resulted in the subsequent development of 
malignant brain infarction. Cardiac complications were 
also identified as the cause of death in two cases (one 
patient experienced immediate postoperative cardiac 
arrest of unknown cause, while another suffered acute 
myocardial infarction 72 hours post MT). In-hospital 
infections also played a role in mortality in two cases (acute 
pyelonephritis and COVID-19 pneumonia). One case 
presented with hemorrhagic shock, and the precise point 
of bleeding could not be defined, ultimately exacerbating 
progressive brain swelling.
	 Procedural complications were classified as 
intraprocedural or post-procedural. During MT, six 

patients sustained puncture site injuries, and three developed 
iatrogenic CCF, which fortunately resolved spontaneously. 
Ischemic events were observed, including six cases of 
distal emboli, one central retinal artery occlusion, and 
one branch retinal artery occlusion. Additionally, three 
patients suffered from malignant MCA infarction post-
MT.
	 When comparing outcomes between TO and SO 
following mechanical thrombectomy (Fig 3), no statistically 
significant differences were observed (p=0.67). In the SO 
group, favorable outcomes occurred in 58% of cases with 
a mortality rate of 7.9%, while in the TO group, favorable 
outcomes were noted in 55% of cases with a mortality 
rate of 9.8%. These unadjusted comparisons should be 
interpreted cautiously, as baseline differences between 
groups may have influenced the observed outcomes. 
Detailed baseline characteristics of the SO group were 
not available for direct comparison in the current study 
design; this is acknowledged as a limitation.
	 Regarding procedural approach (Table 2), 67 patients 
underwent the antegrade method and 25 the retrograde 
method. No significant difference in age was observed 
between the antegrade and retrograde groups (69.06±12.95 
vs. 67.68±13.05 years, p=0.65). No significant differences 
were observed in successful recanalization rates (86.6% 
vs. 84.0%, p=0.75), puncture-to-recanalization time 
(55.02±49.42 vs. 50.94±48.59 min, p=0.76), or symptomatic 
intracranial hemorrhage (4.5% vs. 4.0%, p=0.92). Occlusion 
sites were mainly the cervical ICA and M1 segment 
in both groups. No significant differences were found 
between groups regarding comorbidities, pre-stroke 
mRS (p=0.49), initial NIHSS (p=0.65), left occlusion 
side (p=0.59), ASPECTS (p=0.73), and good collateral 
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TABLE 2. Comparison of treatment strategies for acute tandem occlusion stroke.

	      Characteristic	                                            Strategies

                 (N=92)	 Antegrade (N=67)	 Retrograde (N=25)	
p value

Gender

	 Male	 44 (65.7%)	 18 (72.0%)	 0.57

	 Female	 23 (34.3%)	 7 (28.0%)	

Age, years	 69.06±12.95	 67.68±13.05	 0.65

Comorbidities

	 Diabetes mellitus	 20 (29.9%)	 5 (20.0%)	 0.35

	 Hypertension	 40 (59.7%)	 12 (48.0%)	 0.31

	 Dyslipidemia	 21 (31.3%)	 10 (40.0%)	 0.44

	 Atrial fibrillation	 18 (26.9%)	 6 (24.0%)	 0.78

	 Coronary disease	 11 (16.4%)	 2 (8.0%)	 0.30

	 Previous or current smoking	 20 (29.9%)	 10 (40.0%)	 0.36		

	 Previous stroke or TIA	 11 (16.4%)	 2 (8.0%)	 0.30

Pre-stroke mRS at 90 days

	 0	 57 (85.1%)	 24 (96.0%)

	 1	 5 (7.5%)	 1 (4.0%)	 0.49

	 2	 1 (1.5%)	 0

	 3	 4 (5.9%)	 0	

Initial NIHSS	 17 (2-28)	 18 (6-26)	 0.65

ASPECTS	 8 (5-10)	 8 (5-10)	 0.73

IV rt-PA	 40 (59.7%)	 15 (60.0%)	 0.98

Good collateral score	 56 (83.6%)	 20 (80.0%)	 0.95

Location

	 C-ICA, M1	 51 (76.1%)	 20 (80.0%)

	 C-ICA, M2	 5 (7.5%)	 1 (4.0%)

	 C-ICA, intracranial ICA	 4 (5.9%)	 4 (16.0%)	 0.46

	 CCA, M1	 5 (7.5%)	 0

	 CCA, intracranial ICA	 2 (3.0%)	 0	

Left side occlusion	 39 (58.2%)	 13 (52.0%)	 0.59

Cervical ICA pathology

	 Dissection	 8 (11.9%)	 5 (20.0%)	 0.32

	 Atherosclerosis	 59 (88.1%)	 20 (80.0%)	

Cervical ICA stenosis/occlusion

	 100%	 30 (44.8%)	 10 (40.0%)	 0.68

	 70-99%	 37 (55.2%)	 15 (60.0%)	

Wichianrat et al.
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TABLE 2. Comparison of treatment strategies for acute tandem occlusion stroke. (Continue)

	      Characteristic	                                            Strategies

                 (N=92)	 Antegrade (N=67)	 Retrograde (N=25)	
p value

Successful recanalization (mTICI ≥ 2b)	 58 (86.6%)	 21 (84.0%)	 0.75

Puncture to recanalization, minutes	 55.02±49.42	 50.94±48.59	 0.76

Onset to recanalization, minutes	 349.40±184.47	 316.77±172.90	 0.55

Anesthesia

	 GA	 63 (94.0%)	 21 (84.0%)	 0.13

	 LA	 4 (6.0%)	 4 (16.0%)	

Antiplatelet/Anticoagulant

	 Aspirin	 46 (68.7%)	 19 (76.0%)	 0.49

	 Ticagrelor	 10 (14.9%)	 5 (20.0%)	 0.56

	 Clopidogrel	 20 (29.9%)	 8 (32.0%)	 0.84

	 Warfarin	 9 (13.4%)	 2 (8.0%)	 0.48

Cervical ICA treatment within 90 days

	 Stenting or CEA	 24 (35.8%)	 9 (36.0%)	 0.99

	 Non-Stenting	 43 (64.2%)	 16 (64.0%)	

Symptomatic ICH	 3 (4.5%)	 1 (4.0%)	 0.92

Length of hospital stay, days	 7 (3-47)	 7 (5-55)	 0.14

Clot pathology

	 RBC-rich	 60 (89.6%)	 22 (88.0%)	 0.83

	 Fibrin-rich	 7 (10.4%)	 3 (12.0%)	

Abbreviations: TIA = Transient ischemic attack, mRS = modified Rankin Scale, NIHSS = National Institutes of Health Stroke Scale, ASPECT 
= Alberta Stroke Program Early CT Score, IV rt-PA = Intravenous Recombinant Tissue Plasminogen Activator, C-ICA = cervical segment 
of internal carotid artery, ICA = internal carotid artery, CCA = common carotid artery, mTICI = Modified Treatment in Cerebral Ischemia 
score, GA = General anesthesia, LA = Local anesthesia, CEA = Carotid endarterectomy, ICH = intracranial hemorrhage

score (p=0.95). Furthermore, post-MT treatment with 
antiplatelet or anticoagulant therapy did not significantly 
differ between the groups.
	 For patients with tandem occlusion stroke, 13 underwent 
extracranial carotid treatment within 90 days. Among 
the 79 patients analyzed, acute carotid stenting was 
performed in 20 cases, while 59 were managed without 
stenting. Favorable functional outcomes at 90 days (Fig 4) 
were numerically more frequent in the stenting group 
(65% vs 46%), although the difference was not statistically 
significant (p=0.15). The mortality rate associated with 
acute carotid stenting was 15%, with causes including 
malignant brain edema resulting from infarction (n=1), 

intracerebral hemorrhage (n=1), and cardiac arrest due 
to unknown arrhythmia (n=1). Intracranial hemorrhage 
occurred significantly more often in the stenting group 
(p=0.01), although the incidence of symptomatic ICH did 
not differ significantly (p=0.99). These findings should 
be interpreted with caution given the small subgroup 
sizes and absence of adjusted analyses.
	 Comparing acute carotid stenting with delayed carotid 
treatment within 90 days after mechanical thrombectomy, 
no significant differences were observed in successful 
recanalization (p=0.75), favorable outcomes (p=0.22), 
or symptomatic ICH (p=0.41).
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Fig 4. Functional outcomes at 90 days after mechanical thrombectomy: comparison between acute carotid stenting and non-carotid stenting.
Abbreviation: mRS = modified Rankin Scale

TABLE 3. Procedure-related complications.

Intraprocedural complications		  Post procedural complications

Access site	 Neurological complication

	 4 Groin hematoma	 3 Malignant MCA territory infarction

	 2 Groin pseudoaneurysm	 3 Symptomatic ICH

Vascular injury	 17 Asymptomatic ICH/SAH

	 3 Carotid-cavernous fistula

Hemorrhagic

	 1 Asymptomatic SAH

	 1 Symptomatic ICH

Ischemic

	 6 Distal territory emboli

	 3 Femoral artery emboli

	 1 CRAO

	 1 BRAO	

Abbreviations: SAH = Subarachnoid hemorrhage, ICH = Intracranial hemorrhage, CRAO = Central retinal artery occlusion, BRAO = 
Branch retinal artery occlusion, MCA = Middle cerebral artery

	 The primary outcome of the study was the 90-day 
mRS score, with favorable outcomes achieved in 51 
cases (Table 4). There were notable differences between 
this group and the remaining 41 cases regarding gender 
(p=0.004), age (p<0.001), atrial fibrillation (p=0.04), left 
side occlusion (p=0.04), and initial NIHSS scores (p<0.001). 
Furthermore, treatment-related parameters such as 
cervical ICA treatment within 90 days (p=0.01), successful 
recanalization (p=0.004), and the administration of dual 
antiplatelet therapy post MT (p=0.02) varied significantly 
between the groups. The incidence of symptomatic 
ICH was higher in the poor outcome group (p=0.04), 

along with a significantly longer length of hospital stay 
(p<0.001).
	 Subgroup analysis with univariate logistic regression 
identified potential predictors of favorable outcomes 
at 90 days: male gender, age ≤ 65 years, absence of 
atrial fibrillation, initial NIHSS score ≤ 16, right-side 
occlusion, successful recanalization, cervical carotid 
treatment within 90 days, and dual antiplatelet therapy 
post MT. Multivariate logistic regression confirmed 
three independent predictors of favorable outcomes: age 
≤ 65 years (p=0.005, OR 5.2, 95% CI 1.6–16.5), initial 
NIHSS score ≤ 16 (p=0.022, OR 3.9, 95% CI 1.2–12.5), 
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TABLE 4. Ninety-day functional outcomes after mechanical thrombectomy in acute tandem occlusion stroke. 

	               Characteristic	                                         Outcome		  p value
	                    (N=92)	 Favorable outcome	 Poor outcome 
		  (N=51) 	 (N=41)	

Gender

	 Male	 41 (80.4%)	 21 (51.2%)	 0.004*

	 Female	 10 (19.6%)	 20 (48.8%)	

Age, years	 63.75±13.03	 75.27±12.95	 <0.001*

Comorbidities

	 Diabetes mellitus	 10 (19.6%)	 15 (36.6%)	 0.77

	 Hypertension	 27 (52.9%)	 25 (60.9%)	 0.45

	 Dyslipidemia	 20 (39.2%)	 11 (26.8%)	 0.21

	 Atrial fibrillation	 9 (17.6%)	 15 (36.6%)	 0.04*

	 Coronary disease	 7 (13.7%)	 6 (14.6%)	 0.90

	 Previous or current smoking	 20 (39.2%)	 10 (24.4%)	 0.13

	 Previous stroke or TIA	 7 (13.7%)	 6 (14.6%)	 0.90

Pre-stroke mRS

	 0	 48 (94.0%)	 33 (80.5%)

	 1	 1 (2.0%)	 5 (12.2%)	 0.14

	 2	 1 (2.0%)	 0

	 3	 1 (2.0%)	 3 (7.3%)	

Initial NIHSS	 16 (2-26)	 17 (9-28)	 <0.001*

ASPECT	 8 (5-10)	 8 (5-10)	 0.58

IV rt-PA	 32 (62.7%)	 23 (56.1%)	 0.52

Good collateral score	 46 (90.2%)	 30 (73.2%)	 0.13

Location

	 C-ICA, M1	 41 (80.4%)	 30 (73.2%)

	 C-ICA, M2	 5 (9.8%)	 1 (2.4%)

	 C-ICA, intracranial ICA	 3 (5.9%)	 5 (12.2%)	 0.12

	 CCA, M1	 2 (3.9%)	 3 (7.3%)

	 CCA, intracranial ICA	 0	 2 (4.9%)	

Left side occlusion	 24 (47.1%)	 28 (68.3%)	 0.04*

Cervical ICA pathology

	 Dissection	 7 (13.7%)	 6 (14.6%)	 0.90

	 Atherosclerosis	 44 (86.3%)	 35 (85.4%)	

Cervical ICA stenosis/occlusion			   0.30

	 100%	 17 (33.3%)	 23 (56.1%)

	 70-99%	 34 (66.7%)	 18 (43.9%)	

Successful recanalization (mTICI ≥ 2b)	 49 (96.1%)	 30 (73.2%)	 0.004*

Puncture to recanalization, minutes	 46.26±51.09	 65.65±51.03	 0.10

Onset to recanalization, minutes	 348.49±186.31	 332.24±185.62	 0.51
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	             Characteristic	                                        Outcome		  p value
 	                  (N=92)	 Favorable outcome	 Poor outcome 
		  (N=51) 	 (N=41)	

Anesthesia

	 GA	 46 (90.2%)	 38 (92.7%)	 0.68

	 LA	 5 (9.8%)	 3 (7.3%)	

Technique

	 Antegrade	 37 (72.5%)	 30 (73.2%)	 0.95

	 Retrograde	 14 (27.5%)	 11 (26.8%)	

Cervical ICA treatment within 90 days

	 Stenting or CEA	 24 (47.1%)	 9 (21.9%)	 0.01*

	 Non-Stenting	 27 (52.9%)	 32 (78.1%)	

Dual antiplatelet post MT	 30 (58.8%)	 14 (34.1%)	 0.02*

Symptomatic ICH	 0	 4 (9.7%)	 0.04*

Length of hospital stay, day	 7 (3-18)	 7 (1-55)	 <0.001*

Clot pathology

	 RBC-rich	 46 (90.2%)	 36 (87.8%)	 0.72

	 Fibrin-rich	 5 (9.8%)	 5 (12.2%)	

Abbreviations: TIA = Transient ischemic attack, mRS = modified Rankin Scale, NIHSS = National Institutes of Health Stroke Scale, ASPECT 
= Alberta Stroke Program Early CT Score, IV rt-PA = Intravenous Recombinant Tissue Plasminogen Activator, C-ICA = cervical segment 
of internal carotid artery, ICA = internal carotid artery, CCA = common carotid artery, mTICI = Modified Treatment in Cerebral Ischemia 
score, GA = General anesthesia, LA = Local anesthesia, CEA = Carotid endarterectomy, MT = mechanical thrombectomy, ICH = intracranial 
hemorrhage

TABLE 5. Univariate and multivariate analyses of predictors of favorable outcomes.

Characteristic	                             Univariate		                           Multivariate

		  p value	 Odds ratio (95%CI)	 p value	 Odds ratio (95%CI)

Gender, male	 0.004*	 3.9 (1.55-9.83)	 0.284	 2.0 (0.57-6.91)

Age ≤ 65 years	 <0.001*	 5.5 (2.21-13.46)	 0.005*	 5.2 (1.67-16.53)

Atrial fibrillation	 0.043*	 0.4 (0.14-0.97)	 0.728	 0.8 (0.2-3.03)

Initial NIHSS ≤ 16	 0.004*	 3.6 (1.52-8.65)	 0.022*	 3.9 (1.22-12.81)

Left side occlusion	 0.043*	 0.4 (0.18-0.97)	 0.357	 0.6 (0.18-1.85)

Successful recanalization (mTICI ≥ 2b)	 0.006*	 9.0 (1.86-43.34)	 0.043*	 6.5 (1.06-39.41)

Cervical carotid treatment within 90 days	 0.014*	 3.2 (1.26-7.94)	 0.373	 1.7 (0.53-5.49)

Dual antiplatelet post MT	 0.020*	 2.8 (1.17-6.47)	 0.824	 1.1 (0.36-3.66)

Abbreviations: CI = confidence interval, NIHSS = National Institutes of Health Stroke Scale, mTICI = Modified Treatment in Cerebral 
Ischemia score, MT = mechanical thrombectomy bral Ischemia score, MT = mechanical thrombectomy

TABLE 4. Ninety-day functional outcomes after mechanical thrombectomy in acute tandem occlusion stroke. 
(Continue) 
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Fig 5. Procedural-related hemorrhage 
between acute carotid stenting and non-
stenting.
Abbreviations: ICH = intracranial 
hemorrhage, SICH = symptomatic 
hemorrhage

Fig 6. Comparison of acute carotid stenting 
and delayed cervical ICA treatment in 
successful recanalization, favorable 
outcomes and symptomatic ICH.
Abbreviations: ICA = Internal carotid 
artery, mRS = modified Rankin Scale, 
ICH = Intracranial hemorrhage

and successful recanalization (p=0.043, OR 6.5, 95% CI 
1.1–39.9) (Table 5). The complete multivariate results for 
all variables, including those that did not reach statistical 
significance, are presented in Table 5.

DISCUSSION
	 Tandem occlusion in acute stroke did not significantly 
decrease the likelihood of a favorable outcome compared 
with single occlusion cases in unadjusted analysis. Predictive 
factors for favorable outcomes 90 days after treatment 
included age ≤ 65 years old, initial NIHSS ≤ 16, and 
successful recanalization (mTICI ≥ 2b). These predictors 
are consistent with those reported in multiple prior tandem 
occlusion cohorts and registries1,4,7,8, providing confirmatory 
evidence from a high-volume Southeast Asian center. The 
Siriraj protocol for mechanical thrombectomy in tandem 
occlusion emphasizes rapid intracranial reperfusion to 
minimize infarction progression, although extracranial 
carotid artery access was often technically challenging. 
Notably, the study found no significant difference in 
time from puncture to recanalization between antegrade 
and retrograde approaches, with both methods yielding 
comparable outcomes and rates of symptomatic ICH.
	 Novelty and added value of this study: While the 
primary outcome findings align with those of major 

registries (TITAN, ETIS, ESCAPE-NA1), this study offers 
several distinct contributions. First, it provides a detailed 
procedural complication profile, including three cases 
of iatrogenic carotid-cavernous fistula (CCF) associated 
with cavernous ICA tortuosity type III, a complication 
that has been underreported in the tandem occlusion 
literature. Second, the high prevalence of RBC-rich clot 
pathology (89%) is noteworthy and adds to the limited 
data available on clot composition in tandem occlusion, 
supporting a cardioembolic mechanism in a substantial 
proportion of cases. Third, this is one of the few single-
center reports from Southeast Asia with a substantial 
sample size, contributing geographic and practice-pattern 
diversity to a field dominated by Western and European 
registries.6–8,19–22

	 The ESCAPE-NA1 trial7 reported a notable contrast 
in 90-day favorable outcomes between tandem occlusion 
and non-tandem occlusion cases, with rates of 71.3% and 
59.5%, respectively. However, our study observed similar 
favorable outcomes across both groups. In the context 
of carotid stenosis during mechanical thrombectomy, 
many cases involved acute carotid stenting. Previous 
research6,7,11 has highlighted the favorable impact of this 
approach, reporting superior 90-day outcomes ranging 
from 56.6% to 75.8%, alongside reduced mortality rates 
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Fig 7. Univariate logistic regression for subgroup analysis of factors associated with 90-day favorable outcomes.
Abbreviations: OR = Odds ratio, 95%CI = 95% confidence interval, NIHSS = National Institutes of Health Stroke Scale, ASPECT = Alberta 
Stroke Program Early CT Score, mTICI = Modified Treatment in Cerebral Ischemia score, C-ICA = cervical segment of internal carotid 
artery, CEA = Carotid endarterectomy, MT = Mechanical thrombectomy

ranging from 6.5% to 11.6%. In our study, a numerically 
higher rate of favorable outcomes was observed in the 
acute stenting group compared to those without stenting 
(65% vs. 46%); however, this difference did not reach 
statistical significance (p=0.15). Importantly, the acute 
stenting group also exhibited a higher mortality rate 
(15%) and a significantly higher rate of any intracranial 
hemorrhage (p=0.01), although symptomatic ICH rates 
were similar (p=0.99). These findings do not allow us 
to conclude that acute stenting is definitively safe or 
beneficial, and the observed trends should be validated 
in larger, adequately powered studies with appropriate 
adjustment for confounders.
	 Stenting and mortality: The higher mortality rate 

in the acute stenting group (15% vs. 10.2% in the non-
stenting group) warrants further discussion. Among the 
three deaths in the stenting group, one was attributed to 
intracerebral hemorrhage. The significantly higher rate 
of any intracranial hemorrhage in the stenting group 
(p=0.01) likely reflects the need for periprocedural 
antiplatelet therapy (glycoprotein IIb/IIIa inhibitors 
or oral DAPT) administered during the acute phase of 
infarction, which may increase hemorrhagic risk. This 
relationship between acute stenting, early antiplatelet 
administration, and hemorrhagic complications has 
been noted in previous studies.11,12 However, the other 
two deaths in the stenting group (malignant brain edema 
and cardiac arrest from unknown arrhythmia) were 

Wichianrat et al.
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not directly related to hemorrhage, suggesting that 
the higher mortality may be multifactorial rather than 
solely attributable to stenting-related hemorrhage. These 
observations underscore the importance of careful patient 
selection for acute stenting and close monitoring in the 
post-procedural period.
	 Clot pathology considerations: The striking 
finding that 89% of retrieved clots were RBC-rich (red 
clots) merits further discussion. RBC-rich thrombi are 
classically associated with cardioembolic or stasis-related 
mechanisms, where thrombi formed under low-flow 
conditions—such as in the left atrial appendage during 
atrial fibrillation—tend to trap a high proportion of red 
blood cells within a fibrin meshwork. This is in contrast 
to platelet-rich (white) thrombi typically seen in local 
arterial atherothrombosis at sites of high shear stress. 
In our cohort, 85.9% of cervical ICA pathology was 
attributed to atherosclerosis, yet the predominance of 
RBC-rich intracranial clots (89%) suggests that many of 
these intracranial occlusions may not have arisen from 
local propagation of the carotid plaque. Instead, they may 
represent concurrent cardioembolic events—consistent 
with the 26.1% rate of diagnosed atrial fibrillation in our 
cohort—or embolism of stasis-formed thrombus from the 
post-stenotic segment of a severely stenosed ICA where 
flow is markedly reduced. Some patients may also have had 
undiagnosed paroxysmal atrial fibrillation as a concurrent 
cardioembolic source. This dual pathological mechanism 
has important implications: for acute management, it 
supports consideration of anticoagulation alongside 
antiplatelet therapy; for long-term secondary prevention, 
screening for occult atrial fibrillation may be warranted 
in tandem occlusion patients.20

	 Temporal considerations: The 14-year study 
period (2010–2023) encompasses substantial evolution 
in thrombectomy technology, imaging-based patient 
selection, and periprocedural care. While we were unable 
to perform formal stratified or sensitivity analyses by era 
(e.g., pre- vs. post-2015) due to the limited sample size, 
we acknowledge that secular trends in device technology 
(first-generation devices vs. modern stent retrievers 
and large-bore aspiration catheters), imaging selection 
(expansion of treatment windows with perfusion imaging), 
and anesthetic management may confound the observed 
outcomes. A pre- vs. post-2015 subgroup analysis would 
be valuable to determine whether the Siriraj protocol 
remained equally effective as technology advanced; 
however, this was not feasible with the current sample 
size and will be addressed in future studies with larger 
cohorts.

	 The treatment strategy for acute tandem stroke requires 
balancing the speed of intracranial recanalization and 
weighing the merits of antegrade and retrograde approaches 
in expediting penumbral salvage. While the retrograde 
approach13,14 often achieves faster reperfusion, outcomes 
remain comparable to the antegrade method in terms of 
successful reperfusion and clinical efficacy. The antegrade 
approach15,16 provides enhanced accessibility to intracranial 
lesions for MT, reducing the risk of vessel dissection or 
perforation attributed to non-blind navigation of the 
ICA. However, this approach may prolong reperfusion 
time and increase infarct development. Moreover, 
stenting during antegrade MT carries the risk of device 
entrapment within the stent. Our findings are consistent 
with prior reports, demonstrating similar outcomes and 
complication rates across both approaches.
	 Procedural-related complications were observed, 
with three patients developing vascular injury in the 
form of carotid-cavernous fistula (CCF) during MT. 
Importantly, all three cases exhibited cavernous ICA 
tortuosity type III17,18, a known predisposing factor 
for such complications. In these cases, the CCF likely 
resulted from microwire or microcatheter perforation 
of the thin-walled cavernous ICA during navigation 
through severely tortuous segments. The use of stiffer 
guidewires to maintain access through the tortuous 
cavernous segment, combined with repeated device 
passes (stent retriever deployment and aspiration catheter 
advancement), may have contributed to cumulative vessel 
wall trauma. Although CCFs can resolve spontaneously, 
two of these cases resulted in poor outcomes. These 
findings highlight the importance of pre-procedural 
assessment of cavernous ICA tortuosity and consideration 
of alternative strategies (e.g., softer microwires, reduced 
number of passes) when severe tortuosity is identified. 
Additionally, ischemic events occurred in the form of 
central retinal artery occlusion and branch retinal artery 
occlusion, with no subsequent improvement noted in 
either case.
	 We observed hemorrhagic complications in 22 cases, 
with four cases manifesting as symptomatic ICH (4.3%), 
which is a lower incidence compared to previous studies.1,4,7,8 
Notably, patients undergoing acute stenting displayed 
a higher risk of any hemorrhage compared to the non-
stenting group, although this did not significantly differ 
in terms of symptomatic ICH.11 This finding suggests a 
potential association between the need for early antiplatelet 
therapy during acute infarction and the occurrence of 
hemorrhage. One patient in the acute stenting group 
died from massive intracerebral hemorrhage.
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Limitations
	 This study has several important limitations. First, 
this retrospective analysis was based on medical records 
and radiographic data retrieved from the hospital’s 
PACS system. Data inconsistencies were present, and 
there was no established protocol for determining the 
optimal timing of delayed carotid stenosis treatment 
following mechanical thrombectomy. Second, the study’s 
relatively small sample size (n=92) limits the generalizability 
of the findings and the statistical power for subgroup 
comparisons. Third, the comparisons between tandem 
and single occlusion, acute stenting versus non-stenting/
delayed treatment, and antegrade versus retrograde 
approaches are largely descriptive and unadjusted; no 
propensity-score matching or multivariable adjustment 
was performed for these subgroup analyses. Therefore, 
statements regarding the comparability or equivalence 
of outcomes between these groups should be interpreted 
as hypothesis-generating rather than definitive. Fourth, 
detailed baseline characteristics of the single occlusion 
group (age, NIHSS, ASPECTS) were not available for 
formal comparison with the tandem occlusion group; 
therefore, the observed similarity in outcomes between 
TO and SO may be influenced by unmeasured baseline 
imbalances. Fifth, the 14-year inclusion period spans 
substantial changes in thrombectomy devices, imaging 
selection, anesthesia practice, and post-procedural 
management, which may introduce confounding by 
secular trends. Formal era-stratified or sensitivity analyses 
(e.g., pre- vs. post-2015 or by device generation) were 
not feasible due to the limited sample size. Sixth, only 
dichotomized mRS outcomes (0–2 vs. 3–6) are reported; 
full mRS distributions and ordinal shift analysis were 
not performed. Finally, as a single-center study from 
a high-volume, experienced center19,20, the results may 
reflect the institutional expertise and may not be easily 
replicable in lower-volume settings. Nonetheless, prior 
analyses from the TITAN, ETIS, and ESCAPE-NA1 trials6–8 

reported similar functional outcomes, consistent with 
those observed under the treatment protocol employed 
in this study.

CONCLUSIONS
	 The Siriraj protocol for mechanical thrombectomy 
in acute tandem occlusion stroke demonstrates outcomes 
and mortality rates comparable to those seen in single 
occlusion cases in unadjusted analysis. Independent 
predictors of favorable 90-day outcomes included age 
≤ 65 years old, initial NIHSS score ≤ 16, and successful 
recanalization (mTICI ≥2b). Acute carotid stenting 
showed a trend toward higher rates of favorable functional 

outcomes (65% vs. 46%, p=0.15) but was also associated 
with a higher rate of overall intracranial hemorrhage 
(p=0.01) and a numerically higher mortality rate (15%). 
These observational findings do not allow definitive 
conclusions about the safety and efficacy of acute stenting 
and should be interpreted with caution. Larger, preferably 
prospective, multicenter studies with adjusted analyses 
are needed to clarify the role of acute carotid stenting 
in tandem occlusion management.
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ABSTRACT
Objective: This study aimed to determine the effectiveness of IOCA in reducing residual AVMs after surgery. 
Materials and Methods: We retrospectively reviewed all AVM resection surgeries performed at Siriraj Hospital 
between January 2008 and December 2022. The use of intraoperative cerebral angiography was recorded. The 
primary outcome was the presence of residual AVM on postoperative imaging. 
Results: The study included 92 patients, who were divided into two groups: those undergoing IOCA (44) and those 
undergoing surgery without IOCA (48). The initial incidence of residual AVMs prior to IOCA did not differ between 
the two groups (15.90% vs. 18.75%, p=0.720). However, postoperative imaging revealed significantly fewer missed 
residual AVMs in the IOCA group compared to the non-IOCA group (4.54% vs. 18.75%, p=0.036; absolute risk 
reduction (ARR) = 14.21% and a number needed to treat (NNT) = 7.04). The overall rate of acute complications 
did not differ significantly between the two groups (p = 0.108), but the mean length of hospital stay was higher in 
the non-IOCA group (19.31 vs. 8.57, p=0.001). 
Conclusion: Intraoperative cerebral angiography may help reduce the incidence of residual AVMs after surgery 
and decrease the length of hospital stays.

Keywords: AVM; cerebral arteriovenous malformation; intraoperative cerebral angiography; residual; surgical 
resection (Siriraj Med J 2026;78(5):350-358)

INTRODUCTION
	 Cerebral arteriovenous malformation (AVM) remains 
a significant condition within the field of neurovascular 
surgery, despite its relatively low incidence.1-3 The inherent 
risks and complications associated with AVMs have 
prompted extensive research and efforts aimed at improving 
treatment strategies and patient outcomes.4,5 
	 Historically, surgical resection has been a primary 
treatment approach for cerebral AVMs. However, literature 
reports show that even at experienced centers, residual 
AVMs may persist in up to 33% of cases post-surgery, 
with patients in this category generally experiencing worse 
outcomes.6,7 Moreover, the risk of rebleeding may be 
higher in these cases than in untreated patients, with some 
rebleeding events occurring as early as during transport 
from the operating room. These findings underscore the 
need for effective intraoperative measures to minimize 
the risk of such undesirable events.8

	 Intraoperative cerebral angiography (IOCA), 
introduced in the 1970s, has proven to be a valuable 
adjunct in neurovascular surgery.9 Its use extends to lesion 
localization and detection of residual AVMs, thereby 
supporting a more comprehensive surgical approach.10,11 
However, the adoption of IOCA has varied across medical 
centers, leading to diverse treatment guidelines.12,13

	 Although several case series and institutional reports 
have evaluated the role of IOCA in cerebral AVM resection, 
most studies are limited by small sample sizes and the 
absence of direct comparisons with surgeries performed 
without IOCA.19-21 Consequently, the true effectiveness 

of IOCA in improving surgical completeness and patient 
outcomes remains incompletely defined.
	 In this context, our study aims to present our 
institution’s experience with cerebral AVM resection 
performed with and without IOCA. Although this is a 
single-center retrospective study, it represents one of the 
largest series to date and one of the few to directly compare 
outcomes between IOCA and non-IOCA groups. This 
analysis seeks to provide further evidence regarding the 
clinical value of IOCA and its impact on residual AVM 
rates, perioperative outcomes, and overall patient care.

MATERIALS AND METHODS
Study design
	 This was a single-center, retrospective review of 
patients with intracranial AVMs who underwent surgical 
resection at Siriraj Hospital between January 2008 and 
December 2022. Patient demographic data, as well as 
all previous treatments, were reviewed. Clinical and 
functional status were documented using the Glasgow 
Coma Scale and the Modified Rankin Scale for both 
preoperative and postoperative evaluations.  Additionally, 
AVMs were graded using the two most widely accepted 
classification systems — Spetzler-Martin grading and 
supplementary grading.14-16

	 Most patients underwent postoperative imaging (CTA, 
MRA, or DSA). Residual AVM was defined as a residual 
nidus identified on postoperative imaging. Initially, 116 
eligible patients were identified. Among them, 14 patients 
lacked postoperative images, and 10 had received other 
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intraoperative interventions such as indocyanine green 
injection (ICG). After excluding these cases, 92 patients 
remained, who were categorized into two groups based 
on whether intraoperative cerebral angiography (IOCA) 
was performed. The decision to use IOCA was made 
at the discretion of the attending neurosurgeon, based 
on factors such as anatomical complexity or personal 
preference. The IOCA group included 44 patients (47.8%) 
who underwent the procedure, while the conventional 
group included 48 patients who did not (Fig 1).

Intraoperative cerebral angiography
	 As described above, the use of IOCA was based on 
surgeon discretion and was planned preoperatively in all 
cases. All procedures were performed in a hybrid operating 
room equipped with a radiolucent carbon head holder 
frame, angiography table, and C-arm imaging system. 
Vascular access for intraoperative angiography was typically 
established prior to surgical resection. Angiography was 
then performed after the surgeon deemed the resection 
complete, allowing for intraoperative confirmation of 
complete nidus obliteration and immediate detection of 
residual AVMs, which could prompt further resection 
during the same procedure.

Outcomes
	 The primary objective was to assess the incidence 
of residual AVM on postoperative imaging, used to 
assess the effectiveness of IOCA in AVM resection. 
Our secondary objective was to compare additional 
perioperative parameters such as hospital stay, operative 
time, and complications.

Statistical analysis
	 Statistical analysis was conducted using SPSS version 

18. Data are presented as mean ± SD or as frequency 
(percent). For ordinal and scale parameters, patient age 
was analyzed using the independent t-test.  The number 
of feeders, drainage pattern, presence of aneurysm, 
Spetzler-Martin scale, supplementary scale, operative 
time, blood loss, length of hospital stays, duration of 
follow-up, pre- and post-operative Glasgow Coma Scale, 
and pre- and post-operative Modified Rankin Scale 
were compared using the Mann-Whitney U test. For 
nominal parameters such as age group, lesion side and 
location, gender, presenting symptoms, history of prior 
bleeding or treatment, emergency setting, complications, 
re-operation rate, and residual AVM, the Chi-square 
test was used. 

RESULTS
Patient demographics
	 Patient demographic data are presented in Table 1. 
Most demographic factors were not significantly different 
between the groups, except for the emergency setting, 
which included 12 cases (25%) in the conventional group 
compared to one case (2.3%) in the IOCA group (p-value 
= 0.002). Additionally, the pre-operative Glasgow Coma 
Scale was significantly lower in the conventional group 
(14.11 ± 2.53 vs. 13.52 ± 3.16, p-value = 0.028). The 
Spetzler-Martin and supplementary grading scores were 
comparable between the groups (p-value = 0.481 and 
0.224, respectively) (Table 2).

Residual AVM
	 In the conventional group, residual AVMs were 
identified in post-operative imaging in nine cases (18.75%). 
Notably, all these cases were documented in the operative 
notes as having undergone complete resection.
	 In the IOCA group, all patients underwent at least 

Fig 1. Patient flow diagram.
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TABLE 1. Patient demographic data.

Characteristic	 Total (N=92)	 Conventional (N=48)	 IOCA (N=44)	 p-value

Mean age (years)	 31.7 ± 16	 31 ± 15.1	 32.6 ± 16	 0.631

Sex				    0.714

 	 Female	 52 (56.5%)	 28 (58.3%)	 24 (54.5%)	

	 Male	 40 (43.5%)	 20 (41.7%)	 20 (45.5%)	

Underlying diseases	 27 (29.3%)	 14 (29.1%)	 13 (29.5%)	 0.968

Previous resection	 11 (12.0%)	 6 (12.5%)	 5 (11.4%)	 0.867

Previous embolization	 43 (46.7%)	 22 (45.8%)	 21 (47.7%)	 0.856

Side				    0.856

	 Right	 49 (53.3%)	 26 (54.2%)	 23 (52.3%)	

	 Left	 43 (46.7%)	 22 (45.8%)	 21 (47.7%)	

Location				    0.324

 	 Frontal	 35 (38%)	 21 (43.8%)	 14 (31.8%)	

	 Temporal	 18 (19.6%)	 10 (20.8%)	 8 (18.2%)	

	 Parietal	 24 (26.1%)	 10 (20.8%)	 14 (31.8%)	

	 Occipital	 8 (8.7%)	 5 (10.4%)	 3 (6.8%)	

	 Insular	 2 (2.2%)	 0 (0%)  	 2 (4.5%)	

	 Cerebellum	 3 (3.3%)	 2 (4.2%)	 0 (0%)	

	 Corpus callosum	 2 (2.2%)	 0 (0%)  	 2 (4.5%)	

Presenting symptoms				    0.532

 	 None	 1 (1.1%)	 1 (2.1%)	 0 (0%) 	

	 Headache	 8 (8.7%)	 3 (6.3%)	 5 (11.4%)	

	 Hemorrhage	 52 (56.5%)	 31 (64.6%)	 21 (47.7%)	

	 Seizure	 24 (26.1%)	 10 (20.8%)	 14 (31.8%)	

	 Neurological deficit	 2 (2.2%)	 1 (2.1%)	 1 (2.3%)	

	 Other	 5 (5.4%)	 2 (4.2%)	 3 (6.8%)	

Emergency case	 13 (14.1%)	 12 (25%)	 1 (2.3%)	 0.002*

Preoperative GCS	 15 ± 2.53	 15 ± 3.16	 15 ± 1.39	 0.028*

Preoperative MRS	 1 ± 1.47	 1 ± 1.65	 1 ± 1.24	 0.505

* indicates statistically significant difference (p < 0.05)
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TABLE 2. Spetzler-Martin grade and supplementary score.

Characteristic
	 Total 	 Conventional	 IOCA  

		  (N=92)	 (N=48)	 (N=44)	
p-value

Size of AVM	 			   0.946

	 < 3 cm	 56 (60.9%)	 30 (62.5%)	 26 (59.1%)	

	 3-6 cm	 34 (36.9%)	 17 (35.4%)	 17 (38.6%)	

	 > 6 cm	 2 (2.2%)	 1 (2.1%)	 1 (2.3%)	

Eloquent area	 15 (16.3%)	 8 (16.7%)	 7 (15.9%)	 0.922

Deep venous drainage	 18 (19.5%)	 7 (14.6%)	 11 (25%)	 0.208

Spetzler-Martin grading				    0.481

	 1	 39 (42.4%)	 20 (41.7%)	 19 (43.2%)	

	 2	 36 (39.1%)	 23 (47.9%)	 13 (29.5%)	

	 3	 16 (17.4%)	 4 (8.3%)	 12 (27.5%)	

	 4	 1 (1.1%)	 1 (2.1%)	 0 (0%)	

Age group	  	  		  0.360

	 < 20 years	 28 (30.4%)	 16 (33.3%)	 12 (27.3%)	

	 20-40 years	 39 (42.4%)	 17 (35.4%)	 22 (50%)	

	 > 40 years	  25 (27.2%)	  15 (31.3%)	 10 (22.7%)	

Prior bleeding	 61 (66.3%)	 35 (72.9%)	 26 (59.1%)	 0.161

Compact nidus	 91 (98.9%)	 47 (97.9%)	 44 (100%)	 0.336

Total score				    0.224

	 2	 7 (7.6%)	 3 (6.3%)	 4 (9.1%)	

	 3	 28 (30.4%)	 19 (39.6%)	 9 (20.5%)	

	 4	 24 (26.1%)	 11 (22.9%)	 13 (29.5%)	

	 5	 19 (20.7%)	 9 (18.8%)	 10 (22.7%)	

	 6	 13 (14.1%)	 5 (10.4%)	 8 (18.2%)	

	 9	 1 (1.1%)	 1 (2.1%)	 0 (0%)	

one session of intraoperative cerebral angiography after the 
surgeon initially deemed the resection complete. Residual 
AVMs were identified intraoperatively in seven patients 
(15.90%), a rate comparable to that of the conventional 
group. In most of these cases, additional resection was 
performed, reducing the number of residual AVMs 
confirmed on postoperative imaging to three cases 
(6.81%). When further resection was undertaken, repeat 
intraoperative angiography was performed selectively 
rather than routinely. 

	 In the first case, intraoperative imaging revealed a 
residual AVM, but it was considered unresectable. So, 
the operation was terminated and residual AVM was 
expected in postoperative images. This patient was later 
treated by stereotactic radiosurgery. In the second case, 
a small nidus was initially overlooked during IOCA, 
which was falsely interpreted as complete resection 
(a false-negative result). The residual AVM was later 
identified on postoperative imaging. In the last case, a 
residual AVM was observed, and additional resection 
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was performed.  However, repeat angiography was not 
performed after the additional resection, and postoperative 
imaging later revealed residual AVM. This case was 
also classified as a false negative due to the lack of post-
resection confirmation during surgery.

Secondary outcomes
	 There was no significant difference in acute 
complications or long-term deficits between the two 
groups (45.8% vs 29.5%, p-value = 0.108 and 70.8% vs 
59.1%, p-value = 0.237, respectively).  No angiography-
related complications were reported. Operative time was 
significantly longer in the IOCA group (6.36 ± 2.33 vs 
4.83 ± 1.98, p-value 0.001). Postoperative Glasgow Coma 
Scale scores and length of hospital stay were worse in the 
conventional group (14.29 ± 1.91 vs 15 ± 0, p-value = 
0.009 and 19.31 ± 22.80 vs 8.57 ± 3.73, p-value = 0.001) 
(Table 3).

Radiation exposure
	 In the IOCA group, the mean DAP was 35.02 ± 
17.07 Gy-cm2, with a mean effective dose of 1.4 ± 0.68 
mSv.

Rebleeding rate and other complication
	 Among the 12 cases with residual AVMs across both 
groups, there were three instances of rebleeding (25%), 

whereas no rebleeding occurred in the complete resection 
group (p-value < 0.001). Additionally, postoperative 
seizures during the same admission were more frequent 
in the incomplete resection group (two cases, 16.6%) 
compared to the complete resection group (five cases, 
6.3%) (p-value 0.204).

DISCUSSION
	 Our findings demonstrate several advantages of 
intraoperative cerebral angiography (IOCA) in the surgical 
resection of arteriovenous malformations (AVMs). First, 
IOCA served as a reliable tool for confirming complete 
AVM resection. In our study, IOCA demonstrated a 
positive predictive value of 1.0, a negative predictive 
value of 0.97, and an overall diagnostic accuracy of 
97.8%, respectively. These findings are consistent with a 
previous study and comparable to standard postoperative 
imaging.6 These results highlight the utility of IOCA, 
particularly in cases where complete resection is difficult 
to assess visually, such as in anatomically complex or 
ambiguous lesions. IOCA may also offer significant 
advantages for less experienced surgeons and in cases 
involving patients referred from remote areas where 
follow-up is challenging or access to advanced imaging 
facilities is limited.
	 Second, IOCA significantly impacted intraoperative 
decision-making by identifying residual AVMs and 

TABLE 3. Secondary outcomes.

Characteristic
	 Conventional	 IOCA 

		  (N=48)	 (N=44)	
p-value

Acute complication	 22 (45.8%)	 13 (29.5%)	 0.108

Long-term deficit	 34 (70.8%)	 26 (56.9%)	 0.237

Missed residual AVM	 9 (18.7%)	 2 (4.5%)	 0.036

Operative time (hours), mean ± S.D.	 4.83 ± 1.98	 6.36 ± 2.33	 0.001*

Blood loss (mL), mean ± S.D.	 962 .71 ± 1406.36	 843.64 ± 1126.42	 0.526

Hospital stay (days), mean ± S.D.	 19.31 ± 22.80	 8.57 ± 3.73	 0.001*

Postoperative GCS, mean ± S.D.	 14.29 ± 1.91	 15 ± 0	 0.009*

Postoperative MRS, mean ± S.D.	 1.46 ± 1.58	 0.95 ± 1.03	 0.198

Time to postoperative image (months), mean ± S.D.	 11.58 ± 18.64	 13.86 ± 14.59	 0.035*

Modality of follow-up	  		

	   Cerebral angiography	 28 (58.3%)	 32 (72.7%)	 0.328

* indicates statistically significant difference (p < 0.05)



Volume 78, No.5: 2026 Siriraj Medical Journal https://he02.tci-thaijo.org/index.php/sirirajmedj/index356

prompting further resection. In six out of the seven cases 
with intraoperatively detected residual lesions (13.64%), 
the surgical procedure was modified to pursue additional 
resection. Notably, intraoperative imaging also aided 
the surgeon in precise localization and navigation to 
the residual nidus. As a result, only two residual AVMs 
were observed on postoperative imaging in the IOCA 
group compared to nine in the conventional group. This 
corresponds to an absolute risk reduction of 14.21% in 
residual AVMs and a number needed to treat (NNT) of 
7.04 (p = 0.036).
	 Lastly, although the overall rate of acute complications 
did not differ significantly between the two groups (p = 
0.108), the nature of the complications varied. Among 
the three patients who experienced rebleeding, two 
were in the conventional group; both events occurred 
during the same hospital admission and resulted in severe 
outcomes. In contrast, the single rebleeding case in the 
IOCA group presented only with a headache and no 
neurological deficits. These findings further underscore 
the importance of achieving complete AVM resection   
— an outcome that IOCA can help facilitate during the 
initial surgery — potentially reducing the risk of severe 
postoperative complications.
	 Despite the demonstrated benefits of IOCA, false-
negative results remain a recognized limitation. In our 
cohort, IOCA failed to detect residual AVMs in two cases 
(4.5%), a finding consistent with previously reported in 
the literature. Both cases highlight important technical 
and procedural factors that may contribute to missed 
residual lesions during intraoperative angiography.
	 Several mechanisms may underlie false-negative 
IOCA findings. Small residual nidus size, low-flow 
shunts, transient vasospasm, or temporary thrombosis 
following resection may obscure residual arteriovenous 
shunting at the time of angiography. In addition, complex 
angioarchitecture, deep-seated lesions, or overlapping 
vascular territories may limit visualization. In one case 
in our series, a small nidus was initially overlooked and 
misinterpreted as complete resection, while in another 
case, residual AVM was identified and further resection 
was performed but not followed by repeat angiography, 
ultimately resulting in persistent residual disease on 
postoperative imaging.
	 Several strategies may help mitigate the risk of false-
negative IOCA results. First, routinely repeat angiography 
after additional resection may improve diagnostic confidence. 
Second, obtaining multiple angiographic projections and 
selectively injecting feeding arteries may enhance detection 
of small or anatomically complex residual lesions. Third, 
close collaboration between the operating surgeon and 

an experienced neurointerventionalist during image 
acquisition and interpretation may reduce the likelihood 
of misinterpretation. Finally, adjunctive intraoperative 
tools such as indocyanine green (ICG) videoangiography 
or intraoperative Doppler ultrasonography may provide 
complementary information.
	 Additionally, concerns regarding radiation exposure 
during intraoperative angiography are valid. However, the 
radiation dose associated with IOCA in our cohort was 
relatively low (mean: 1.4 ± 0.68 mSv), which is significantly 
lower than in standard postoperative imaging (3.79 ± 
1.77 mSv). This level of exposure is roughly equivalent to 
6–7 months of background natural radiation or a single-
phase CT scan, according to established reference data. 
Thus, the potential risk from radiation appears minimal 
when weighed against the diagnostic and therapeutic 
advantages offered by IOCA (Table 4).17-19

	 We also examined outcomes in patients who 
underwent emergency surgery, recognizing that the 
urgent nature of these cases often limits the feasibility 
of comprehensive intraoperative evaluation such as 
IOCA. Of the 13 emergency cases, only one received 
IOCA. Although these patients demonstrated significantly 
different initial and final Glasgow Coma Scale (GCS) 
scores compared to elective cases, the rate of complete 
AVM resection did not differ significantly (23.1% vs. 
10.1%, p = 0.182). This suggests that while emergency 
status may influence clinical presentation and outcomes, 
it does not generally impact resection completeness 
(Table 5).

Limitations and future directions
	 This study has several limitations that warrant 
consideration. First, its retrospective design is inherently 
associated with limitations such as reliance on existing 
medical records, potential missing data, and limited 
control over confounding variables. In addition, as a 
single-center study, the results may reflect institutional 
practice patterns, surgeon experience, and available 
resources, which could limit the generalizability of the 
findings to other centers with different patient populations 
or treatment approaches.
	 Second, selection bias cannot be entirely excluded. 
The decision to perform IOCA was not standardized and 
may have been influenced by surgeon preference, lesion 
characteristics, or intraoperative findings. Furthermore, 
some patients were excluded due to the absence of 
postoperative imaging or the use of other intraoperative 
adjuncts, which may have affected group comparability 
and introduced additional bias.
	 Third, certain data elements were incomplete. In 
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TABLE 4. Radiation exposure.

TABLE 5. Subgroup analysis of emergency cases. 

Procedure	 Study	 Mean DAP (Gy-cm2)	 Energy (mSv)

Intraoperative cerebral angiography	 Our study	 35.02 ± 17.07	 1.4 ± 0.68

Diagnostic cerebral angiography	 Our study	 94.93 ± 44.30	 3.79 ±1.77

Diagnostic cerebral angiography	 Ihn YK. et al, 201617	 106.2 ± 66.4	

CT brain single phase	 Wonglao et al, 202218		  1.6-2.08

CTA brain multiphase	 Wonglao et al, 202218		  2.89-5.46

Characteristic	 Emergency (N=13)	 Elective (N=79)	 p-value

Preoperative Glasgow coma scale (median)	 8 (3,15)	 15 (13,15)	 < 0.001*

Postoperative Glasgow coma scale (median)	 15 (7,15)	 15 (9,15)	 < 0.001*

Residual AVMs	 3 (23.1%)	 8 (10.1%)	 0.182

* indicates statistically significant difference (p < 0.05)

particular, detailed information regarding hospital costs 
and cumulative radiation exposure was unavailable for 
some patients, limiting a comprehensive evaluation of 
the economic implications and radiation-related risks 
associated with IOCA.
	 Finally, postoperative imaging modalities were not 
uniform across all patients. Although digital subtraction 
angiography (DSA) is considered the reference standard 
for detecting residual AVMs, approximately one-third 
of patients in this study were evaluated using CTA or 
MRA alone. Previous studies have reported that MRI has 
a sensitivity of approximately 75–90% and a specificity of 
90–100% for detecting AVMs, while CTA demonstrates 
higher sensitivity, around 90%, with specificity ranging 
from 95–100%.22,23 Despite these favorable diagnostic 
performances, both modalities may be less sensitive than 
DSA in identifying small residual nidus, particularly in 
small or complex AVM lesions. As a result, the use of 
CTA or MRA alone may have led to an underestimation 
of residual AVM rates in a subset of patients.
	 Future studies with prospective designs, standardized 
criteria for IOCA utilization, and uniform postoperative 
imaging protocols would help address these limitations. 

Multicenter collaborations may further improve 
generalizability and allow for larger sample sizes, facilitating 
subgroup analyses and adjustment for confounding factors. 
In addition, randomized controlled trials comparing 
IOCA with other intraoperative adjuncts could provide 
valuable alternatives for centers without access to IOCA.

CONCLUSIONS
	 Although not infallible, intraoperative cerebral 
angiography appears to be a safe and potentially effective 
adjunct during AVM resection, with a low observed 
complication rate and limited additional radiation 
exposure. Its use facilitates the detection of residual 
disease and enables immediate corrective action, which 
was associated with a lower incidence of residual AVMs, 
as well as reduced postoperative rebleeding and shorter 
hospital stays.
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INTRODUCTION
	 Childhood cataract remains a significant cause of 
visual impairment worldwide.1,2 Its management presents 
a unique challenge: the implantation of a static intraocular 
lens (IOL) into a rapidly growing eye.3 Clinicians must 
balance immediate visual rehabilitation with the long-
term trajectory of ocular growth.4 Accurate prediction of 
postoperative refractive changes is essential for appropriate 
initial IOL power selection. The literature consistently 
demonstrates substantial myopic shifts, particularly in 
children operated on at a younger age, leading to the 
development of various predictive guidelines.5-9 Recent 
data from the Pediatric Eye Disease Investigator Group 
(PEDIG) highlight both the magnitude and variability 
of this shift in younger children.10 Furthermore, Lekskul 
et al. reported high rates of late-onset myopia in Thai 
children, suggesting that current guidelines may be 
insufficient for this population.11

	 To address the need for population-specific data, 
this study evaluates refractive outcomes stratified by age 
at surgery and identifies factors associated with long-term 
refractive change following pediatric cataract surgery 
with primary IOL implantation.

MATERIALS AND METHODS
	 This retrospective study was approved by the Siriraj 
Institutional Review Board, Faculty of Medicine Siriraj 
Hospital (COA no. Si 696/2025), and was conducted in 
accordance with the tenets of the Declaration of Helsinki. 
The requirement for patient consent was waived.
	 We reviewed the medical records of children younger 
than 13 years who underwent cataract surgery with 

ABSTRACT
Objective: To evaluate long-term refractive outcomes following pediatric cataract surgery with primary intraocular 
lens (IOL) implantation.
Materials and Methods: A retrospective review was conducted in children younger than 13 years who underwent 
cataract surgery with primary IOL implantation at Siriraj Hospital between 2000 and 2020, with a minimum follow-
up of 5 years. Refractive data were converted to spherical equivalents. Linear mixed models were used to analyze 
refractive shifts across four age groups (1 to <2.5, 2.5 to <4, 4 to <7, and 7 to <13 years) and identify influencing factors.
Results: The study included 71 eyes of 46 children, with a mean follow-up of 8.74 ± 3.01 years. The mean final 
refractive change ranged from -5.47 D (95% CI: -7.93, -3.01) in children aged 1 to <2.5 years to -1.33 D (95% CI: 
-1.99, -0.67) in those aged 7 to <13 years. Overall, only 30.99% of eyes achieved a final refraction within ±1.00 D 
of emmetropia. Multivariate analysis identified preoperative axial length (P = 0.005) and follow-up duration (P = 
0.003) as significant predictors of refractive change.
Conclusion: Younger age at surgery correlates with greater magnitude and variability of myopic shift. Standard 
guidelines should be adapted to target higher residual hyperopia to achieve optimal long-term emmetropic refraction.

Keywords: Cataract; pediatric ophthalmology; myopic shift (Siriraj Med J 2026;78(5):359-366)

primary IOL implantation at Siriraj Hospital between 
2000 and 2020, with a minimum follow-up of 5 years. 
Patients were identified using the ICD-10 code for infantile 
and juvenile cataract (H26.0). For bilateral cases, data 
from both eyes were included. Eyes with traumatic 
cataract, glaucoma-related conditions diagnosed at any 
stage, ocular comorbidities affecting development, or 
incomplete data were excluded.
	 Data collected included baseline demographics, 
surgical techniques, and postoperative refractive outcomes, 
including initial postoperative refraction within 6 months 
of surgery, 5-year refraction, defined as measurements 
obtained 4 to 6 years postoperatively, and final refraction, 
defined as the last recorded refraction before age 18. All 
refractive errors were converted to spherical equivalents 
(SE), calculated as the sphere plus half the cylinder, 
and reported in diopters (D). To account for inter-
eye correlation in bilateral cases, Linear Mixed Models 
(LMMs) with a random patient intercept were used to 
calculate adjusted means and 95% confidence intervals 
(CI). Participants were stratified by age at surgery. Since 
no patients younger than 1 year were included, the 
cohort was stratified into four groups: 1 to <2.5 years, 
2.5 to <4 years, 4 to <7 years, and 7 to <13 years. We 
also evaluated refractive changes based on the initial 
postoperative refractive status, classifying eyes as hyperopic 
or emmetropic (≥ 0.00 D) or myopic (< 0.00 D).
	 Predictors of final refractive change were assessed using 
LMMs. Covariates included age at surgery, preoperative 
axial length, average keratometry, early postoperative 
refraction, follow-up duration, and laterality; IOL fixation 
technique was excluded due to insufficient data. Variables 
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with P ≤ 0.10 in the univariate analysis were included 
in the multivariate model, with no multicollinearity 
observed (variance inflation factor < 2).
	 All statistical analyses were performed using SPSS 
software version 29.0 (SPSS Inc., Chicago, IL, USA), 
with significance defined as P < 0.05.

RESULTS
	 A total of 71 eyes from 46 children were included. 
The cohort was predominantly male (52.11%), with a 

mean age at surgery of 6.04 ± 3.06 years and a mean 
follow-up duration of 8.74 ± 3.01 years. Bilateral cataracts 
accounted for 73.24% of cases. The clinical characteristics 
of the cohort and each age group are shown in Table 1.
	 The magnitude of myopic shift was inversely associated 
with age at surgery (Table 1). The youngest cohort (1 to 
<2.5 years) demonstrated the largest myopic shift, with 
a mean 5-year refractive change of -3.20 D (95% CI: 
-5.66, -0.74) and final refractive change of -5.47 D (95% 
CI: -7.93, -3.01), resulting in a mean final refraction of  

TABLE 1. Clinical characteristics by age group.

		  Overall	 1 to <2.5 y	 2.5 to <4 y	 4 to <7 y	 7 to <13 y
		  n = 71 (100%)	 n = 8 (11.27%)	 n = 14 (19.72%)	 n = 26 (36.62%)	 n = 23 (32.39%)

Age (y)a	 6.04 (3.06)	 1.88 (0.30)	 3.42 (0.23)	 5.32 (0.87)	 9.70 (1.81)

Maleb	 37 (52.11%)	 5 (62.50%)	 11 (78.57%)	 12 (46.15%)	 9 (29.13%)

Bilateral cataractb	 52 (73.24%)	 5 (62.50%)	 12 (85.71%)	 20 (76.92%)	 15 (65.22%)

Axial length (mm)a	 23.15 (1.98)	 22.87 (2.23)	 21.77 (1.27)	 23.17 (2.01)	 23.90 (1.86)

Average K (D)a	 44.32 (1.80)	 45.03 (1.84)	 44.37 (1.37)	 44.20 (2.29)	 44.16 (1.36)

IOL Power (D)a	 20.38 (5.41)	 18.25 (6.33)	 23.68 (4.92)	 20.56 (4.60)	 19.30 (5.74)

IOL fixation

	 Capsular bagb	 63 (88.73%)	 6 (75.00%)	 11 (78.57%)	 25 (96.15%)	 20 (86.96%)

	 Sulcusb	 8 (11.27%)	 2 (25.00%)	 1 (7.14%)	 1 (3.85%)	 3 (13.04%)

PCCC performedb	 48 (67.61%)	 8 (100%)	 12 (85.71%)	 20 (76.92%)	 15 (65.22%)

Early postoperative	 0.58	 1.89 	 1.96	 0.34	 -0.45

 refraction (D)c	 (0.09, 1.07)	  (0.50, 3.28)	  (0.34, 3.59)	 (-0.42, 1.11)	 (-1.05, 0.16)

5-year change of	 -1.71	 -3.20	 -2.5	 -1.43	 -1.02 

 refraction (D)c	 (-2.32, -1.10)	 (-5.66, -0.74)	 (-4.27, -0.73)	 (-2.26, -0.60)	 (-1.68, -0.37)

5-year actual	 -1.13	 -1.31	 -0.54	 -1.09 	 -1.47 

 refraction (D)c	 (-1.62, -0.64)	  (-2.70, 0.08)	 (-2.16, 1.09)	 (-1.85, -0.32)	 (-2.07, -0.86)

Final change of 	 -2.75	 -5.47	 -4.24	 -2.35	 -1.33

 refraction (D)c	 (-3.35, -2.14)	 (-7.93, -3.01)	 (-6.01, -2.47)	  (-3.18, -1.52)	 (-1.99, -0.67)

Final actual refraction	 -2.16	 -3.58	 -2.28	 -2.01	 -1.78 

 (D)c	 (-2.66, -1.67)	  (-4.97, -2.19)	 (-3.90, -0.66)	  (-2.78, -1.24)	 (-2.38, -1.17)

Final refraction within	 38 (53.52%)	 4 (50.00%)	 4 (28.57%)	 13 (50.00%)	 17 (73.91%) 

 ±2.00 Da	

Final refraction within	 22 (30.99%)	 2 (25.00%)	 2 (14.29%)	 8 (30.77%)	 10 (43.48%) 

 ±1.00 Da	

Follow-up time (y)a	 8.74 (3.01)	 9.16 (4.41)	 10.80 (3.47)	 8.73 (2.71)	 7.56 (1.93)

Age at final visit (y)a	 14.78 (3.27)	 11.04 (4.49)	 14.22 (3.62)	 14.05 (2.50)	 17.26 (0.60)

aMean (SD), bN (%), cAdjusted mean (95% confidence interval) by linear mixed model.
Abbreviations: y = year; mm = millimeter; K = keratometry; D = diopter; IOL = intraocular lens
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-3.58 D (95% CI: -4.97, -2.19). In contrast, the oldest 
group (7 to <13 years) showed greater stability, with 5-year 
and final refractive changes of -1.02 D (95% CI: -1.68, 
-0.37) and -1.33 D (95% CI: -1.99, -0.67), respectively, 
and a final refraction of -1.78 D (95% CI: -2.38, -1.17). 
Overall, the mean final refraction was -2.16 D (95% 
CI: -2.66, -1.67). Only 53.52% and 30.99% of all eyes 
achieved final refractive outcomes within ±2.00 D and 
±1.00 D of emmetropia, respectively. For bilateral cases, 
refractive changes and actual refractions at the 5-year 

and final follow-ups did not differ significantly between 
the first and second operated eyes (all P > 0.05, paired 
t-test). The distributions of postoperative refractive 
errors and postoperative refractive change across age 
groups are shown in Fig 1.
	 When stratified by early postoperative refraction 
(Table 2), eyes that were initially hyperopic or emmetropic 
demonstrated a significantly larger 5-year myopic shift 
compared with those that were initially myopic (-2.24 D 
vs. -1.25 D; P = 0.026). Despite slower progression, the 

Fig 1. Scatter plots of 71 eyes showing the relationships between 
(A) refractive error at early postoperative visit and age at 
surgery, (B) change in refractive error at 5-year visit and age 
at surgery, (C) refractive error at 5-year visit and age at 5-year 
visit, (D) change in refractive error at final visit and age at 
surgery, and (E) refractive error at final visit and age at final 
visit.
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TABLE 2. Refractive error according to early postoperative status.

TABLE 3. Factors associated with final change in refractive error: linear mixed model analysis.

		  Hyperopia or Emmetropia	 Myopia
		  n = 33	 n = 38	 P valuea  
		  (46.48%)	 (53.52%)	

5-year change of refraction (D)a	 -2.24 (-2.87, -1.60)	 -1.25 (-1.84, -0.66)	 0.026

5-year actual refraction (D)a	 -0.63 (-1.30, -0.05)	 -1.56 (-2.19, -0.93)	 0.047

Final change of refraction (D)a	 -3.44 (-4.40, -2.49)	 -2.16 (-3.05, -1.27)	 0.054

Final actual refraction (D)a	 -1.80 (-2.71, -0.89)	 -2.48 (-3.33, -1.63)	 0.28

aAdjusted mean (95% confidence interval) by linear mixed model.
Abbreviation: D = diopter.

		  Univariate			   Multivariate

	 	 β	 95%CI	 P value	 β	 95%CI	 P value

Age at surgery (y)	 0.44	 0.25, 0.64	 <0.001	 0.13	 -0.11, 0.36	 0.28

Axial length (mm)	 0.76	 0.45, 1.07	 <0.001	 0.48	 0.15, 0.81	 0.005

Average K (D)	 -0.31	 -0.69, 0.07	 0.1	 -0.04	 -0.38, 0.30	 0.82

Early postoperative refraction (D)	 -0.69	 -1.10, -0.27	 0.002	 -0.41	 -0.90, 0.07	 0.09

Follow-up time (y)	 -0.45	 -0.64, -0.25	 <0.001	 -0.32	 -0.52, -0.12	 0.003

Laterality (unilateral)	 0.16	 -1.36, 1.68	 0.83	 -	 -	 -

Abbreviations: CI = confidence interval; y = year; mm = millimeter; K = keratometry; D = diopter

initially myopic group remained more myopic at final 
follow-up (-2.48 D vs. -1.80 D); however, this difference 
was not statistically significant (P = 0.28).
	 Multivariate analysis (Table 3) identified preoperative 
axial length (P = 0.005) and follow-up duration (P = 0.003) 
as independent predictors of final refractive change. 
Although age at surgery and early postoperative refraction 
were significant in univariate analysis, they were not 
independently associated with final refractive change 
after multivariate adjustment.

DISCUSSION
	 This longitudinal analysis confirms that refractive 
stability following pediatric cataract surgery with 
primary IOL implantation is strongly age-dependent, 

with younger children manifesting significantly greater 
myopic shift. In children younger than 4 years, the mean 
early postoperative refraction was approximately +1.90 
D; however, substantial myopic progression was observed 
by 5 years of follow-up. These findings suggest that the 
degree of initial hyperopic targeting in this age group 
may be insufficient to offset subsequent axial elongation. 
Our findings suggest that current recommendations may 
warrant adjustment, as reluctance to target sufficient 
hyperopia due to amblyopia concerns often results in 
pronounced adolescent myopia. Thus, surgical planning 
must carefully balance the immediate risk of amblyopia 
against the long-term consequences of axial elongation.
	 Our findings are consistent with several long-term 
studies. A recent PEDIG study10 that followed 186 eyes 
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over 5 years reported a mean 5-year refractive change of 
-2.16 D and confirmed the inverse relationship between 
age and myopic shift. While our 5-year myopic shifts 
were comparable, our final outcomes revealed continued 
progression, particularly in the youngest cohort. Notably, 
PEDIG reported 44% and 71% of eyes within ±1.00 D 
and ±2.00 D of emmetropia at 5 years, respectively, 
whereas our cohort achieved lower rates (30.99% and 
53.52%, respectively). This difference likely stems from our 
longer follow-up duration and relatively less hyperopic 
postoperative refraction, resulting in greater residual 
myopia. VanderVeen et al.9 analyzed 162 eyes with a 
median follow-up of 9.6 years and reported a clear age-
dependent trend, with median final myopic shift ranging 
from -5.75 D in children aged 0–2 years to -1.00 D in 
those aged 8–10 years. In comparison, our patients 
aged 2.5 to <4 years demonstrated a larger myopic shift 
compared to the corresponding age group in their cohort. 
Furthermore, although infants younger than 1 were 
excluded from our study, our youngest group (1 to <2.5 
years) still exhibited a myopic shift comparable to their 
0-to 2-year group, suggesting that Asian populations 
may be predisposed to a more aggressive myopic shift.
	 Given the well-documented higher incidence of myopia 
in Asian populations,12 recent studies have emphasized 
aggressive refractive changes in this demographic.  
Li et al.13 retrospectively studied 126 children with unilateral 
cataract, reporting a mean myopic shift of -2.60 D over 
3 years. They confirmed that younger age was strongly 
associated with greater change and proposed specific 
target refraction guidelines for unilateral cases. Similarly, 
Lekskul et al.11 observed significant progression in 84 
Thai eyes; despite adherence to standard undercorrection 
guidelines, 60.8% developed myopia, with a mean final 
error of -2.26 D among myopic eyes.
	 We observed that initial postoperative myopia 
was associated with a smaller subsequent myopic shift, 
aligning with the PEDIG study10 and the myopic defocus 
theory.14 This finding contrasts with previous reports 
that found no correlation between refractive target and 
refractive change.15,16 However, despite exhibiting a 
smaller myopic shift, the early myopic group remained 
more myopic at final follow-up. Further longitudinal 
studies are warranted to confirm these associations.
	 In our multivariate analysis, preoperative axial length 
and follow-up duration were independent predictors of 
myopic shift, whereas age at surgery was not significant. 
This is likely due to strong biological collinearity. While 
chronological age serves as a generalized temporal proxy 
for ocular development, baseline axial length provides a 
precise anatomical measurement directly dictating the 

eye’s optical mechanics and future refraction.17 Although 
this differs from previous literature emphasizing age as 
the primary predictor, our results align with modern, 
biometry-driven models incorporating axial data. For 
instance, Trivedi et al. demonstrated that baseline axial 
length outweighs age in predicting postoperative ocular 
growth.18 Furthermore, our finding that longer preoperative 
axial length correlates with reduced myopic shift parallels 
the PEDIG study.10 Beyond axial length, VanderVeen et al.9 
noted that flatter baseline keratometry predicted greater 
myopic shift, advocating for higher hyperopic targets 
in such cases. Regarding laterality, previous studies19,20 
found that unilateral cases were associated with larger 
myopic shift compared with bilateral cases, particularly 
when interocular axial length differences were small.13,21

	 While infants under 1 year of age were excluded 
from this cohort, the profound and highly variable 
myopic shifts observed in our youngest patients (1 to 
<2.5 years) reinforce the rationale for delaying primary 
IOL implantation. Because the infant eye undergoes 
logarithmic axial elongation during the first 12 months, 
biometric prediction in this age group is exceptionally 
unpredictable. This cautious approach aligns with the 
long-term findings of the Infant Aphakia Treatment Study, 
which demonstrated that primary IOL implantation in 
infants under 6 months carries a significantly higher risk 
of adverse events and secondary intraocular surgeries 
without a corresponding long-term visual acuity benefit 
compared to aphakic contact lens correction.22

	 Based on our longitudinal data and observed final 
refractive change, more hyperopic refractive targets 
than those conventionally planned may be warranted.5,9 
Specifically, our findings support targeting approximately 
+5.0 to +6.0 D in children younger than 2.5 years, +3.5 
to +4.5 D in those aged 2.5 to <4 years, +1.5 to +3.0 
D in children aged 4 to <7 years, and +0.5 to +1.0 D 
in those aged 7 to <13 years. These targets represent 
a more hyperopic aim than commonly selected initial 
postoperative refractions across all age groups and reflect 
the magnitude of long-term myopic progression observed 
in our cohort. However, because these recommendations 
introduce a significant amblyopia risk during early visual 
development, a rigorous optical rehabilitation protocol 
is mandatory. This includes immediate correction of 
residual hyperopia with spectacles or contact lenses, 
potentially adding bifocals at school age. Furthermore, 
strict occlusion therapy and frequent refractions are 
required to titrate the hyperopic correction as the eye 
elongates.
	 This study has several limitations inherent to its 
retrospective design. First, the relatively small sample 
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size limited detailed subgroup analysis. Notably, infants 
younger than 1 year were not included, reflecting our 
institutional preference for aphakic spectacle correction 
in this age group. Second, the 20-year study duration 
introduces potential heterogeneity in surgical techniques 
and IOL selection. Third, although records of intended 
refractive targets were incomplete, early postoperative 
outcomes indicate a preference for conservative targeting 
to optimize immediate vision. Consequently, the final 
myopia in our cohort resulted from these conservative 
initial targets confronting accelerated axial growth. 
Finally, data regarding compliance with postoperative 
refractive correction were unavailable. Future studies 
should prospectively validate the proposed age-specific 
refractive nomogram in Asian children using standardized 
surgical and biometric protocols. Multicenter collaboration 
will be essential to confirm its generalizability and refine 
target refraction based on axial growth patterns. In 
addition, emerging strategies such as adjustable intraocular 
lenses or planned secondary IOL exchange may offer 
promising solutions to mitigate long-term myopic shift 
while minimizing early amblyopia risk.

CONCLUSIONS
	 In conclusion, age at surgery remains the primary 
predictor of myopic shift, with the greatest magnitude 
and variability observed in the youngest group. Given 
the profound myopic shift in Asian eyes, further studies 
are warranted to determine if targeting higher residual 
hyperopia is necessary to achieve optimal long-term 
emmetropia.
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ABSTRACT
Objective: Accurate pedicle screw placement reduces neurological injury and complications. Although O-arm 
navigation improves precision, navigation error and digital reference frame (DRF) instability persist. This study 
aims to develop and evaluate a novel DRF anchored to the pedicle screw–rod construct as an alternative to spinous 
process–based attachment for O-arm–assisted pedicle screw insertion.
Materials and Methods: This pilot study enrolled patients undergoing O-arm–assisted thoracolumbar pedicular 
screw instrumentation between November 2024 and February 2025. At each instrumented level, one pedicle screw 
was placed using the conventional DRF, and the contralateral pedicle screw was placed using the novel pedicle 
screw–rod–anchored DRF. We compared the 2 DRF systems within each level. Navigational error was defined as the 
angular deviation between the intraoperative virtual trajectory and the screw position on postoperative computed 
tomography. Pedicle breaches were identified and graded.
Results: Twenty-two patients (110 pedicle screws) were included. The median navigational error did not differ 
between novel and conventional DRF in axial (2°, P = 0.500) or sagittal (2°, P = 0.070) planes. Subgroup analyses 
by level and pathology (degenerative, tumor, trauma) showed no significant differences. Minor pedicle breaches 
(< 2 mm) occurred in 2 screws with the novel DRF and 3 screws with the conventional DRF, all mid-thoracic and 
without clinical complications.
Conclusions: The novel pedicle screw–rod–anchored DRF provides navigational accuracy comparable to the 
conventional system. These findings support its feasibility as an alternative reference frame for O-arm–guided 
spinal procedures when spinous process fixation is limited. 

Keywords: Digital reference frame; O-arm navigation; pedicle screw placement; pilot study; spinal surgery (Siriraj 
Med J 2026;78(5):367-376)

INTRODUCTION
	 Pedicle screws are the cornerstone of modern spinal 
fixation and are used extensively across degenerative disease, 
deformity correction, and spinal trauma. Instrumentation 
with a pedicle screw–rod system improves construct 
strength and fusion rates in spinal fusion surgery.1,2 The 
use of pedicle screws has increased markedly over recent 
decades.
	 Accurate pedicle screw placement with optimal 
pedicle purchase is essential to prevent neurologic injury 
and instrumentation failure. Traditional techniques report 
misplacement rates as high as 15% - 40%3,4, leading to nerve 
root injury, vascular or visceral damage, and reoperation 
for pedicle breaches.5 To address these risks, guidance 
strategies include C-arm fluoroscopy, 3-dimensional 
(3D) O-arm navigation, and robotic-assisted methods.4,6 
Among these, 3D O-arm navigation is widely accepted. 
It has been used in Thailand for more than 10 years and 
yields superior accuracy, faster insertion, and lower 
complication rates compared to conventional methods.7 

	 The 3D O-arm navigation system integrates real-
time intraoperative 3D imaging with trajectory guidance 
for pedicle screw placement. Intraoperative 3D images 
are obtained using 2 components: a digital reference 
frame (DRF) attached to the patient for automated 

registration and the O-arm system (Medtronic Surgical 
Technologies, Louisville, CO, USA), which generates 
computed tomographic–like images. The navigation 
platform then processes these images, enabling simultaneous 
visualization of screw trajectories and spinal anatomy 
during surgery.
	 Despite the high accuracy of O-arm–assisted techniques, 
navigational error and pedicle screw misplacement 
persist in up to 3% of cases.8,9 These events are often 
attributed to “navigation drift”—a deviation of the 
navigated trajectory from the true pedicle path—reported 
particularly in deformity surgery.10 Contributing factors 
include increased DRF–to–instrumented-level distance, 
DRF displacement, inadequate neuromuscular blockade 
with patient movement, and obstruction between the 
DRF and the optical tracking cameras.10-12 Conventional 
DRF fixation—typically to the spinous process or, via an 
additional incision, to the iliac bone—faces additional 
challenges in specific contexts. These include pediatric 
cases with small, unstable spinous processes; scoliosis 
procedures requiring intraoperative neuromonitoring 
without muscle relaxation; and revision surgery when 
the spinous process has been removed.13 
	 To address these limitations, we developed a novel 
DRF for O-arm navigation that attaches directly to the 
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pedicle screw–rod construct to improve stability. We 
hypothesized that this design would deliver navigational 
accuracy comparable to, or greater than, traditional DRF 
systems. This pilot study evaluated the novel DRF with a 
modified attachment mechanism in patients undergoing 
elective surgery for degenerative and deformity conditions 
of the spine.

MATERIALS AND METHODS
Study design and registration
	 This single-center pilot study was conducted at a 
tertiary hospital in Bangkok, Thailand, from November 
1, 2024 to February 28, 2025. The protocol received 
Institutional Review Board approval before enrollment. 
The trial was registered with the Thai Clinical Trials 
Registry (TCTR20250506005). All participants provided 
written informed consent after receiving detailed study 
information.

Participants and eligibility
	 Adults aged > 18 years who underwent open posterior 
thoracolumbar instrumentation requiring 3D O-arm–
navigated pedicle screw insertion were eligible. The exclusion 
criteria were spinal infection (e.g., spondylodiscitis or 
spinal epidural abscess), revision spine surgery, pedicle 
screw insertion extending to the cervical level, or planned 
pelvic fixation. Baseline demographics and clinical 
characteristics were recorded after enrollment.
Development and design of the novel DRF
	 The novel DRF was manufactured from certified 
medical-grade titanium (Orthopesia Co., Bangkok, 
Thailand), similar to the conventional DRF. Instead of 
a claw-tooth spinous process clamp, the device uses a 
straight, rod-shaped lower base, 5.0-6.0 mm in diameter, 
that connects to polyaxial or monoaxial pedicle screw 
heads. The connection is secured when the screw nut 
is tightened (Figs 1, 2). Standard sterilization protocols 
were applied to the DRF set before surgery.

Fig 1. Design and Dimensions of the Novel Digital Reference Frame (DRF) with a Straight Rod-Like Base Attachment for Pedicular Screw head.
The novel dynamic reference frame (DRF) consists of three main components: (1) A Hirth joint connector with tapered teeth, designed to 
connect with standard reference markers (light-reflecting spheres). (2) An arm of the DRF angled at 110°. (3) A rod-shaped base connector 
that attaches to pedicle screw heads.
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Fig 2. Comparison Between the Conventional Digital Reference Frame (DRF) Using Spinous Process Attachment and the Novel DRF Using 
Pedicular Screw Attachment.

Surgical procedure
	 All patients underwent open posterior surgery 
with 3D O-arm–navigated guidance. After induction of 
general anesthesia, patients were positioned prone on 
a Jackson frame. The operative field was prepped and 
draped, followed by a midline longitudinal incision and 
subperiosteal detachment of paraspinal musculature. 
The index level was confirmed with C-arm fluoroscopy. 
Dissection proceeded to the spinous process, lamina, and 
facet joints. A conventional DRF was attached to the spinous 
process 1–2 levels adjacent to the planned instrumented 
level. The O-arm and StealthStation navigation system 
(Medtronic Navigation, Louisville, CO, USA) were used.

Imaging, registration, and accuracy verification
	 After the first intraoperative computed tomography, 
scan image processing and instrument registration were 
performed. Accuracy was verified with a navigated light-
reflecting ball probe pointing to 8 anatomical landmarks: 
superior and inferior spinous processes; superior laminar 
borders (left/right); inferior laminar borders (left/right); 
transverse processes (left/right). The probe’s true position 
was compared with the navigation display. If the discrepancy 
was > 1 mm, registration was deemed unsuccessful (“not 
passed”), and image acquisition and registration were 
repeated.

DRF allocation, pedicle screw insertion, and surgical 
procedure
	 After passing accuracy verification, half of the 
planned pedicle screws were inserted under guidance 
from the conventional DRF. The conventional DRF was 
removed, and the novel DRF was attached to the inserted 

screws nearest the spinous process previously used for 
conventional attachment. A second intraoperative scan 
and registration were performed using the novel DRF 
as the reference, and the remaining pedicle screws were 
inserted. Final intraoperative computed tomography 
was obtained to assess pedicle screw position. Based 
on the preoperative plan and the patient’s diagnosis, 
the procedures after pedicle screw insertion were done 
as indicated, including laminectomy, posterior spinal 
fusion, or interbody fusion.

Navigational error and pedicle breaches
	 Two spine surgeons evaluated navigational error 
and pedicle breaches for the conventional and novel DRF. 
The navigational error angle was defined as the angular 
difference between the StealthStation navigation system’s 
virtual screw trajectory and the actual pedicle screw 
trajectory shown on postoperative computed tomography 
at each vertebral level (Fig 3). On axial images, the angle 
was measured between the screw axis and the midsagittal 
vertebral axis (Figs 3A, B).14 The midsagittal axis is a 
line that bisects the vertebral body and aligns with the 
laminar base and spinous process. On sagittal images, 
the angle was measured between the screw axis and the 
superior endplate of the corresponding vertebral body 
(Figs 3C, D). Pedicle breaches were identified on the final 
computed tomographic images. Each screw was assessed 
by perforation direction in 6 anatomical categories: 
anterior, lateral, medial, inferomedial, inferolateral, and 
superior. Pedicle breach severity was graded as follows: 
Grade 0, no breach (0 mm); Grade 1, > 0 mm and ≤ 2 
mm; Grade 2, > 2 mm and ≤ 4 mm; and Grade 3, > 4 
mm.15 
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Fig 3. Measurement of navigational error in 
axial and sagittal planes.

Angles are measured in degrees. Navigational 
error is the absolute angular difference between 
the navigated and postoperative CT angles. 
Actual postoperative screw angle relative to the 
midsagittal vertebral axis (A) and the corresponding 
O arm–navigated trajectory (B). The axial 
navigational error in this example is 1°. Actual 
postoperative screw angle relative to the superior 
endplate (C) and the navigated trajectory (D). 
The sagittal navigational error in this example 
is 2°. 

Statistical analysis
	 Data were analyzed with Stata version 17 (StataCorp 
LLC, College Station, TX, USA). Categorical variables were 
summarized as frequencies and percentages. Normality was 
assessed with the Shapiro–Wilk test. Continuous variables 
were summarized as means with standard deviations 
or medians with interquartile ranges, as appropriate. 
Group comparisons used the independent t test or the 
Mann–Whitney U test, as appropriate. All tests were 
two-sided, and P < 0.05 denoted statistical significance.

Sample size calculation
	 The sample size for this pilot study was determined 
according to the guidelines proposed by Viechtbauer 
et al..16 Assuming a true event rate of 10% and a 90% 
confidence interval for identifying issues in navigation 
accuracy, a total of 22 participants was required.

RESULTS
Characteristics of participants
	 Twenty-four participants were enrolled; 2 were 
excluded for spondylodiscitis, leaving 22 eligible. Table 1 
presents their demographic and clinical characteristics. Most 
participants (77.3%) underwent surgery for degenerative 
conditions—spondylolisthesis, spinal stenosis, or adult 

spinal deformity correction. Three (13.6%) had spinal 
tumors, and 2 (9.1%) had thoracolumbar fractures. A 
total of 110 pedicle screws within 55 levels of vertebral 
bodies were inserted—55 guided by the novel DRF and 
55 by the conventional DRF—across different spinal 
levels. Distribution by level was thoracic 30 (27.3%) and 
lumbosacral 80 (72.7%).

Comparison of novel versus conventional DRF
	 Table 2 summarizes the navigational errors for the 
novel versus the conventional DRF. In the axial view, the 
median error was 2° for both systems—novel range 0°–6°, 
conventional range 0°–5°; P = 0.500. In the sagittal view, 
the median error was 2° for both systems—novel range 
0°–4°, conventional range 0°–5°; P = 0.070. Subgroup 
analyses by spinal level and patient’s diagnosis showed 
no significant differences in navigational error between 
the DRF systems. Five Grade 1 pedicle breaches occurred 
(5/110; 4.5%) with no significant difference between 
groups (Table 4). In the novel DRF group, there was 
one 1-mm anterior perforation and one lateral breach. 
In the conventional DRF group, there were two 1-mm 
anterior perforations and one 1.5-mm lateral breach. 
All breaches occurred at mid-thoracic levels (T3–T10); 
no complications or revisions were required.
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TABLE 1. Baseline demographics and characteristics of the participants (n=22, 110 pedicle screw).

TABLE 2. Comparison of navigation error between novel and conventional digital reference frame (DRF) (total 
n=110 screws)

    Baseline characteristics	 N (%)/ Median (Q1, Q3)

Male	 13 (59.1)

Age (years) [median (Q1, Q3)]	 63.5 (56.3, 71.3)

Body mass index (kg/m2) [median (Q1, Q3)]	 22.4 (20.0, 25.7)

	 <18.5	 4 (18.2)

	 18.5-22.9	 8 (36.4)

	 ≥23.0	 10 (45.5)

Medical comorbidities	

	 Hypertension	 11 (50.0)

	 Diabetes	 6 (27.3)

	 Dyslipidemia	 5 (22.7)

Patient's diagnosis	

	 Degenerative disease	 17 (77.3)

	 Tumor	 3 (13.6)

	 Fracture	 2 (9.1)

Level of screw placement (n=110)	

	 Thoracic	 30 (27.3)

	 Lumbosacral	 80 (72.7)

    		  Novel DRF (n=55)			   Conventional DRF (n=55)		

    Plane of	 Navigation	 Real angle	 Navigation	 Navigation	 Real angle	 Navigation 
measurement	 angle (o)	 (o)	 error (o)	 angle (o)	  (o)	 error (o)	 p-valuea

	                   median (Q1, Q3)		 median    	             median (Q1, Q3)	 median
			   (min-max)	   		  (min-max)	

Axial	 12 (7, 19)	 11 (6, 17)	 2 (0, 6)	 10 (7, 17)	 10 (6, 17)	 2 (0, 5)	 0.500

Sagittal	 4 (2, 6)	 3 (2, 4)	 2 (0, 4)	 4 (2, 6)	 2 (2, 6)	 2 (0, 5)	 0.070

a Navigation errors between novel and conventional DRF screw placements were compared using Mann–Whitney U test
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TABLE 3. Subgroup analysis of navigation error between novel and conventional digital reference frame (DRF) 
by screw placement and patient's diagnosis (N=110 screws)

				    Novel DRF (n=55)			   Conventional DRF (n=55) 

Characteristics	 No. of 	 Navigation	 Real	 Navigation	 Navigation	 Real	 Navigation	 p-valuea

		  compared 	 angle (o)	 angle (o) 	 error (o)	 angle (o)	 angle (o)	 error (o)
		  screws		
			                    median (Q1, Q3)		 median	                    median (Q1, Q3)	 median 
					     (min-max)	   		  (min-max)	

Level of screw placement

Thoracic level								      

	 Axial	 30	 7 (6, 9.5)	 7.5 (5, 10)	 2 (0, 4)	 7.5 (6, 9.5)	 6.5 (4.5, 9)	 1 (0, 4)	 0.359

	 Sagittal		  3.5 (2, 5)	 2 (1, 3)	 2 (0, 3)	 3 (2, 4)	 2 (1, 2)	 2 (0, 3)	 0.703

Lumbosacral level								      

	 Axial	 80	 15 (8, 20)	 14 (8, 19)	 2 (0, 6)	 12 (8, 19)	 14 (7, 19)	 2 (0, 5)	 0.169

	 Sagittal		  4 (3, 6)	 3 (2, 6)	 2 (0, 4)	 4 (2, 6)	 3 (2, 6)	 2 (0, 5)	 0.070

Patient's diagnosis

	 Degenerative 								      

	   Axial	 90	 14 (8, 19)	 13 (7, 17)	 2 (0, 6)	 10 (8, 17)	 13 (7, 17)	 2 (0, 5)	 0.458

	   Sagittal		  4 (3, 6)	 3 (2, 6)	 2 (0, 4)	 4 (3, 6)	 3 (2, 6)	 2 (0, 5)	 0.070

	 Tumor								      

	   Axial	 12	 7 (6, 12)	 7 (6, 8)	 1 (0, 4)	 7.5 (6, 8)	 5 (4, 6)	 2 (0, 3)	 0.625

	   Sagittal		  3 (2, 4)	 1 (1, 2)	 2 (0, 3)	 2.5 (1, 3)	 0.5 (0, 6)	 2 (0, 3)	 >0.999

	 Fracture								      

	   Axial	 8	 16.5 (7.5, 26)	 16.5 (5.5, 28)	 2 (2, 4)	 17.5 (5, 32.5)	 16.5 (3.5, 30)	 1.5 (1, 4)	 0.500

	  Sagittal		  1.5 (1, 4)	 1 (1, 2)	 0.5 (0, 3)	 1.5 (0.5, 3.5)	 1 (0.5, 1.5)	 0.5 (0, 3)	 >0.999

a Navigation errors between novel and conventional DRF screw placements were compared using Mann–Whitney U test

TABLE 4. Incidence of pedicle breaches between novel and conventional digital reference frame (DRF) 

Pedicle breaches (No. of screws)	 Novel DRF (n=55)	 Conventional DRF (n=55)	 p-valuea 

	 n (%)	  n (%)	     

Grade I (≤2mm)	 2 (3.6%)	 3 (5.5%)	 p>0.999

Grade II and above (>2mm)	 0 (0)	 0 (0)	 -

a Fisher’s exact test was used to compare the incidence of pedicle breeches between novel and conventional DRF screw placements
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DISCUSSION
	 This pilot study demonstrated the feasibility of 
a novel DRF attachment for O-arm–assisted pedicle 
screw insertion. By fixing the DRF to the screw–rod 
construct rather than the spinous process, accuracy 
remained comparable to the conventional approach 
without increasing navigational error.
	 The median navigational error was 2° in both axial 
and sagittal planes for the novel and conventional DRF. 
These values are consistent with prior O-arm–assisted 
pedicle screw insertion studies. Oertel et al reported a 
mean navigational error of 2.8° ± 1.9°.8 Mathew et al 
evaluated 104 screws during L4–5 fusion and found 
mean deviations of 2.31° and 3.11° in the axial and 
sagittal planes, respectively.17 Comparable performance 
was reported for computer-assisted placement using 
preoperative computed tomography, with a mean angular 
deviation of 2.28° ± 1.92°.18 Our minor anterior perforation 
rate (2.7%) and lateral pedicle breach rate (1.8%) align 
with prior O-arm navigation studies reporting breach 
rates of 1.0%–3.2%.8,9,17 Collectively, these data support 
the conclusion that O-arm navigation improves screw 
placement accuracy and reduces misplacement compared 
with conventional freehand techniques.9 
	 Intraoperative computed tomography with O-arm 
navigation provides precise visualization of spinal anatomy 
in the surgical position, enabling real-time, image-guided 
instrumentation. However, because the DRF is mounted 
intraoperatively, the mounting process can introduce 
navigational error. Deviations between planned and 
actual screw trajectories—termed navigational error or the 
“drift phenomenon”—have been reported in up to 16.7% 
of O-arm–guided cases.10 Contributing factors include 
reference frame–to–target level distance due to intervertebral 
flexibility, movement due to inadequate neuromuscular 
blockade or respiration, and DRF displacement.10-12 To 
mitigate these issues, we developed a DRF that attaches 
to the screw–rod construct to enhance intraoperative 
stability and aim reduce error sources. 
	 In the present study, navigational error and pedicle 
breach rates did not differ significantly between the novel 
and conventional DRF in either plane. This finding likely 
reflects that conventional spinous process clamp fixation 
may provide sufficient stability for accurate tracking 
in our cohort, which predominantly comprised adult 
degenerative, trauma, and tumor cases. In this population, 
residual navigational error may be driven primarily by 
factors other than DRF attachment, including intrinsic 
system-related error during image acquisition, processing, 
or tracking, as well as iatrogenic micro-movement during 
instrumentation. Therefore, a construct-based DRF may 

not confer a measurable advantage in standard anatomy 
where conventional fixation performs reliably. Notably, 
the absence of a significant difference may also represent 
a Type II error given the pilot design and the limited 
proportion of highly complex cases in which dynamic 
shift is more pronounced and DRF instability is most 
problematic. Future studies should therefore focus on 
higher-complexity cohorts, such as severe scoliosis or 
high-grade spondylolisthesis, to more definitively evaluate 
whether construct-based fixation provides a stability-related 
benefit. In addition, the numerical differences in median 
angular error between groups were small, and modest 
reductions may not translate into clinically meaningful 
differences in routine adult anatomy. Nevertheless, even 
minor angular deviations may be more consequential in 
high-risk settings, such as severe scoliosis with narrow or 
dysplastic pedicles or patients with compromised bone 
quality, underscoring the need for targeted evaluation 
in these populations.
	 Although conventional fixation appeared adequate 
in our cohort, traditional spinous process attachment 
poses limitations, particularly in revision surgery where 
a laminectomy has removed suitable bony landmarks. In 
such settings, surgeons may secure the DRF at a distant 
level with an intact spinous process, which increases 
navigational error. Alternatively, iliac fixation can be used, 
but it requires an additional incision. One feasibility of 
the novel DRF design is that it permits DRF attachment 
through existing pedicle screws, avoiding the need for 
additional incisions with comparable accuracy.
	 Similarly, pediatric deformity surgery poses challenges 
for conventional DRF fixation because spinous processes 
are often small or underdeveloped, limiting stable DRF 
fixation and increasing intraoperative motion that can 
cause navigational error. Prior O-arm navigation studies in 
this population report malposition rates of 8.5%–9.8% in 
complex deformity and scoliosis, with a tracker placement 
of more than 3 levels from the target identified as a 
notable risk factor.19,20 One study documented Grade 
2–3 pedicle breaches in up to 21% of patients with 
dystrophic scoliosis secondary to neurofibromatosis 
type 1.20 Although multiple factors contribute—including 
small, rotated, dysplastic pedicles and optical tracking 
signal deviation—we hypothesize that instability of DRF 
attachment is a key driver of navigational error in this 
cohort. A stronger, screw–rod–anchored DRF reduces 
susceptibility to displacement from patient movement or 
inadvertent instrument contact.21 To our knowledge, this 
is the first study to evaluate DRF fixation through pedicle 
screws. Although our cohort did not include pediatric 
deformity cases, the comparable accuracy observed in 
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typical adult indications might support the feasibility 
of construct-based fixation and provide a rationale for 
future evaluation in pediatric and complex deformity in 
which conventional placement is difficult or unfeasible.
	 Nonetheless, several limitations must be acknowledged. 
First, as a pilot investigation, this study was designed to 
assess feasibility and characterize navigational accuracy 
rather than to demonstrate the superiority of the novel 
DRF over conventional attachment. Accordingly, the 
findings primarily inform sample size calculations for 
adequately powered comparative studies. Second, although 
the device targets challenging scenarios, such as revision 
surgery and pediatric deformity, our cohort predominantly 
comprised degenerative, tumor, and trauma indications 
only. Consequently, performance of the device in more 
complex settings remains unvalidated, and navigational 
accuracy may be lower with higher pedicle breach rates in 
such populations. Third, the study had limited ability to 
evaluate differences in the most clinically consequential 
safety outcome. Specifically, no Grade II or higher pedicle 
breaches (>2 mm) occurred in either group, resulting in 
a very low event rate and minimal statistical power to 
detect between-group differences in clinically significant 
breaches. Therefore, the absence of severe breaches 
difference and any potential safety benefit of this pilot 
study should be interpreted cautiously. Finally, we did 
not evaluate the biomechanical stability of the DRF 
under dynamic loading. Future cadaveric or benchtop 
biomechanical studies could quantify stability, characterize 
failure modes, and define any mechanical advantages in 
simulated surgical environments.

CONCLUSIONS
	 This pilot study demonstrates that a novel DRF 
attached to the pedicle screw–rod construct achieves 
navigational accuracy comparable to a conventional 
spinous process–mounted DRF during O-arm–assisted 
pedicle screw insertion. These results provide a foundation 
for future trials and support continued development 
of alternative DRF strategies, particularly for complex 
spinal deformity surgery and revision cases.
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ABSTRACT
Objective: Erythema toxicum neonatorum (ETN) is a benign rash commonly observed in newborns, typically 
resolving spontaneously within one to two weeks. The lesions are characterized by multiple erythematous macules 
containing eosinophils and are known to be associated with peripheral eosinophilia, a condition commonly seen in 
atopic diseases. Therefore, the presence of ETN may be associated with the subsequent development of atopic diseases.
This study aimed to determine the prevalence of atopic diseases in newborns with and without ETN and to evaluate 
the association between the presence of ETN and the manifestation of atopic diseases during childhood.
Materials and Methods: This retrospective cohort study utilized electronic medical records and telephone interviews 
of subjects born at HRH Princess Maha Chakri Sirindhorn Medical Center in 2013. Participants were divided into 
two groups: newborns with ETN and those without ETN. The follow-up period for diagnosing atopic diseases 
extended to four years after birth (2017).
Results: A total of 134 newborns were included in the study (67 with ETN and 67 without ETN). During the follow-
up period, 12 of 67 newborns with ETN and 14 of 67 newborns without ETN developed atopic diseases. Statistical 
analysis revealed that the presence of ETN was not associated with an increased risk of developing atopic diseases 
(adjusted odds ratio (OR) 1.37; 95% CI 0.55-3.41). However, a significant association was found between a family 
history of atopic diseases and the development of atopic conditions in the children.
Conclusions: The presence of ETN does not increase the risk of developing atopic diseases during childhood.

Keywords: Atopic diseases; erythema toxicum neonatorum; newborn; rash (Siriraj Med J 2026;78(5):377-383)

INTRODUCTION
	 Erythema toxicum neonatorum (ETN) is a benign, 
self-limited skin condition seen in newborns. ETN is a 
relatively common skin lesion, affecting approximately 
16% to 30% of neonates.1,2

	 It typically presents as erythematous macules, often 
accompanied by small, white-yellow papules or pustules 
measuring approximately 1–3 mm in diameter. These 
lesions are commonly distributed over the trunk, thighs, 
and buttocks, while the palms and soles are rarely affected. 
ETN usually appears within the first 2 to 4 days of life 
and resolves spontaneously within one week without 
leaving any residual marks.2

	 The reported incidence of ETN ranges from 21% 
to 41% across studies. The wide variation in incidence 
is likely due to differences in the timing of neonatal 
skin assessments among studies.3 Diagnosis of ETN is 
primarily clinical, based on its characteristic presentation. 
In certain cases, the microscopic examination of ETN with 
Wright stain can be performed, which reveals eosinophils 
in the superficial layers of the skin4, particularly near 
the entrances of subcutaneous ducts. This observation 
may help explain the absence of lesions on the palms 
and soles. Additionally, peripheral eosinophilia may be 
detected in approximately 15% of affected neonates.3

	 To date, the precise etiology of ETN remains unclear. 
Several hypotheses have been proposed, including allergic 
reactions, a graft-versus-host-like response, and mechanisms 
involving the innate antimicrobial barrier.5 Nonetheless, 

various studies have examined risk factors associated 
with ETN. These include increased gestational age at 
birth, vaginal delivery, higher birth weight, and male 
sex.6

	 Atopic diseases refer to a group of hereditary allergic 
disorders characterized by an exaggerated immune response 
to typically harmless environmental antigens. These 
diseases are of significant clinical importance due to their 
high prevalence and substantial impact on quality of life.7 
The prevalence of atopic diseases in children is estimated 
to range from approximately 10% to 30%, depending on 
the specific condition.8,9 This hypersensitivity is mediated 
through immunoglobulin E (IgE). All atopic diseases fall 
under the category of Type I hypersensitivity reactions, 
which occur when an antigen binds to IgE receptors 
on mast cells, triggering the release of inflammatory 
mediators such as histamine, proteases, and leukotrienes. 
These mediators contribute to the characteristic allergic 
inflammation. The most common atopic diseases consist 
of asthma, atopic conjunctivitis, allergic rhinitis, atopic 
dermatitis, and food allergy. The presence of one atopic 
condition increases the risk of developing additional atopic 
diseases. Interestingly, recent studies have demonstrated 
an association between eosinophils and three major 
atopic diseases: atopic dermatitis, allergic rhinitis, and 
asthma.10

	 There is currently no clear association between ETN 
and atopic diseases. While some studies have suggested 
a link between ETN and an increased risk of developing 
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atopic conditions later in life, others have found no such 
association. This study aimed to determine whether 
ETN in newborns is associated with the development 
of atopic diseases in childhood.

MATERIALS AND METHODS
Participants
	 This study was reviewed and approved by the 
Institutional Review Board for Clinical Research in Humans 
of Srinakharinwirot University with CoA SWUEC/E/M-
024/2566E. Informed consent was obtained from the 
parents and/or legal guardians of subjects by means of 
a voluntary written agreement form. The calculation of 
the sample size for this research was based on a study 
by Odelram et al.11 exploring the relationship between 
eosinophils and atopic disease manifestation. Thus, a 
total of 134 neonates at HRH Princess Maha Chakri 
Sirindhorn Medical Center (MSMC) of Srinakharinwirot 
University, Ongkharak, Thailand from 2013 to 2017 were 
recruited. These were healthy individuals not admitted to 
neonatal intensive care unit (NICU), and whose mothers 
had previously received care at the MSMC antenatal 
clinic (ANC).

Research design
	 This study was designed as a retrospective cohort 
study by analyzing data previously collected from 2013 
to 2017, categorizing neonates into either of the two 
categories – ETN and non-ETN. Children with a history 
of ETN were identified from the hospital medical database 
during the aforementioned period, whereas the control 
group without a history of ETN was randomly selected 
from infants born at MSMC within the same period. 
Details of data collection included gender of neonate, date 
of birth, gestational age, birthweight, mode of delivery, 
family history of atopy, and smoking in household.

Data collection
	 Neonates were evaluated by pediatricians or pediatrics 
residents at MSMC. The data collection form was reviewed 
by a pediatric dermatologist and a pediatric allergist 
before being implemented for patient data collection 
to ensure that all essential information was adequately 
obtained. Non-invasive full body examinations were 
carried out and the presence of rash, or the lack thereof, 
was documented accordingly using the form previously 
drafted which classified skin manifestations into different 
categories; Mongolian spot; salmon patch; hemangioma; 
port wine stain; cytomegalovirus (CMV) rash; Café au 
lait macule; sebaceous hyperplasia; erythema toxicum 
neonatorum; milia; desquamation; miliaria; collodion 

membrane; Epstein pearls; subcutaneous fat necrosis; cutis 
marmorata; bullous diseases; angel kiss. Neonates were 
allowed more than one category if presented with several 
skin manifestations. In addition to the type of rash, other 
information was noted namely gestational age, date of 
birth, birth body weight, mode of delivery and maternal 
underlying diseases. In addition, diagnosis of atopic 
diseases was performed by experienced pediatricians at 
MSMC based on clinical manifestations and investigations.

Statistical analyses
	 Statistical analyses were performed using Statistical 
Package for the Social Sciences (SPSS) version 22. Frequency 
data were expressed as percentages (%). For univariate 
analysis, Chi-square tests were used to compare birth body 
weight, gender, family history of atopy, and household 
smoking. For multivariate analysis, adjusted odds ratios 
(ORs) were calculated from crude odds ratios using 
the Hosmer-Lemeshow method, accounting for other 
variables. A p-value < 0.05 was considered statistically 
significant.

RESULTS
	 There were 134 participants, of whom 69 (51.5%) 
were male. Most participants (98.5%) were term newborns. 
In the ETN group, 35 participants were female (52.2%) 
and 32 were male (47.8%). Twelve participants with 
ETN were diagnosed with atopic disease in childhood, 
in which 7 of them had allergic rhinitis, 8 had atopic 
dermatitis, 1 had asthma, and none had food allergy. It 
should also be noted that some individuals may present 
with multiple atopic diseases. There were 5 participants 
with a family history of atopic diseases and 6 lived in 
households with smoking.
	 In the non-ETN group, there were 30 female participants 
(44.77%) and 37 male participants (55.22%). Fourteen 
of the participants without ETN had atopy, with 9 of 
them had allergic rhinitis, 2 had atopic dermatitis, 4 
had asthma and 2 had food allergy. Three participants 
revealed family history of atopic diseases, and 2 of total 
non-ETN participants’ households had smoking. All 
information was presented in Tables 1 & 2.
	 A chi-square test of independence was performed 
to examine the association between ETN and the 
development of atopic diseases later in life, as shown 
in Table 3. Multivariate analysis results are presented in 
Table 4. In this study, the presence of atopic diseases was 
the outcome variable, while the exposures included ETN 
in newborns, gender, household smoking, and family 
history of atopy. Our results showed that only 17.9% of 
newborns with ETN developed atopic diseases later in 
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TABLE 1. Demographic and clinical information between ETN and Non-ETN groups.

TABLE 2. Type of atopic diseases between ETN and non-ETN group.

TABLE 3. Chi-square test for factors associated with atopic disease.

Clinical information	 ETN (n = 67)	 Non-ETN (n = 67)

Gender
	 Female	 35	 30
	 Male	 32	 37

Atopic diseases
	 Presence	 12	 14
	 Absence	 55	 53

Family history of atopy
	 Presence	 5	 3
	 Absence	 62	 64

History of smoking in the family
	 Presence	 6	 2
	 Absence	 61	 65

Type of atopic diseases	 ETN (n = 12)	 Non-ETN (n =14)

Allergic rhinitis	 7*	 9

Atopic dermatitis	 8	 2

Asthma	 1	 4

Food allergy	 -	 2

*Within the data, two participants presented with allergic rhinitis as well as asthma and 4 participants presented with allergic rhinitis as 
well as atopic dermatitis.

Clinical	 Presence of atopic disease		  X2 (df)	 p-value
Parameters	 Presence		 Absence		
		  N	 (%)	 N	 (%)		

Presence of ETN					     0.191 (1)	 .662
	 Yes	 12	 17.9	 55	 82.1		
	 No	 14	 20.9	 53	 79.1		

Gender					     0.072 (1)	 .789
	 Female	 12	 18.5	 53	 81.5		
	 Male	 14	 20.3	 55	 79.7		

Family history of atopic diseases					     10.105 (1)	 .001
	 Yes	 5	 62.5	 3	 37.5		
	 No	 21	 16.7	 105	 83.3		

Smoking in the household					     1.782 (1)	 .182
	 Yes	 3	 37.5	 5	 62.5		
	 No	 23	 18.3	 103	 81.7		
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TABLE 4. Crude and adjusted odds ratios for the multivariate analysis.

Covariates	 Unadjusted Model		  Adjusted Model
		  OR	 95% CI	 p-value	 OR	 95% CI

Presence of ETN
	 ETN	 0.83	 0.35-1.95	 .662	 1.37	 0.55-3.41

	 Non-ETN	 1.00	 -		  1.00	 -

Gender
	 Female	 0.89	 0.38-2.01	 .789	 1.11	 0.45-2.73

	 Male	 1.00	 -		  1.00	 -

Family history of atopic diseases
	 Yes	 8.33	 1.85-37.58	 .001	 0.13	 0.03-0.63

	 No	 1.00	 -		  1.00	 -

Smoking in the household
	 Yes	 2.69	 0.60-12.06	 .182	 0.73	 0.12-4.53

	 No	 1.00	 -		  1.00	 -

life (Table 3), with an adjusted OR for newborns with 
ETN was 1.37 (95% CI 0.55-3.41) (Table 4). However, 
this finding also did not reach statistical significance. 
Therefore, no significant association was found between 
the presence of ETN in newborns and the subsequent 
development of atopic diseases.
	 The proportion of participants with atopic diseases 
did not differ significantly by gender or household 
smoking. However, a significant association was found 
between a family history of atopy and the development 
of atopic diseases. Among those with a positive family 
history, 62.5% developed atopic diseases (Table 3). In 
the multivariate analysis, a family history of atopy was 
significantly associated with the development of atopic 
diseases. The crude odds ratio (OR) was 8.33 (95% CI 
1.85–37.58), whereas the adjusted OR was 0.126 (95% 
CI 0.03–0.63) (Table 4).

DISCUSSION
	 This study explored the relationship between the 
presence of ETN at birth and the development of atopic 
diseases during childhood. Other factors, such as gender, 
household smoking, and family history of atopy, were also 
examined. No significant association was found between 
ETN and atopic diseases. In contrast, participants with a 
family history of atopy were approximately eight times 
more likely to develop atopic diseases based on crude 
OR. The association between family history of atopy 
and the development of atopic diseases was statistically 
significant in the current study.

	 The association between ETN and atopic diseases has 
been hypothesized based on the presence of eosinophils in 
ETN skin lesions, as well as the occurrence of eosinophilia 
in individuals with atopic diseases. Previous studies have 
shown that blood eosinophil levels are associated with 
the severity of atopic dermatitis. Specifically, individuals 
with atopic dermatitis who also have a family history of 
respiratory atopic diseases were found to have higher 
peripheral eosinophil counts compared to those without 
such a family history.12 Moreover, research has indicated 
that neonates with elevated eosinophil counts or total IgE 
levels in cord blood have an increased risk of developing 
atopic diseases.13 Another study by Witmer and colleagues 
reported that neonates with ETN have an increased risk 
of developing eosinophilic esophagitis, with an odds 
ratio of 3.52.14

	 Based on these findings, elevated eosinophil levels 
appear to be associated with the development of atopic 
diseases such as allergic rhinitis, asthma, and atopic 
dermatitis. Given that ETN is also characterized by the 
presence of eosinophils in skin lesions, these observations 
form the basis of the present research hypothesis: that 
ETN in infancy may be associated with an increased risk 
of developing atopic diseases later in life. However, our 
results from univariate analysis did not reveal that ETN 
was associated with an increased risk of atopic diseases. 
On the contrary, it suggested that the presence of ETN 
rash at birth might be a protective factor against atopic 
diseases (OR=0.826), compared to the control group 
(neonates without ETN). Compared with the prospective 
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study by Gonzalez Echeverría4 in 1997 in which the most 
common atopic manifestation with ETN as a possible 
risk factor was atopic dermatitis, the results of this study 
were similar as atopic dermatitis was the most common 
in the ETN sample group. However, this information 
could not be reliably concluded due to the insignificant 
p-values, which could be a result of a small sample size, 
and unadjusted confounding factors. This warrants the 
need to include a larger sample size to further study the 
relationships.
	 With regard to gender, females were 20% less likely 
to develop atopic diseases than males (p=.889), but there 
was no statistical significance. In other studies, male 
was three times more likely to develop asthma than 
female pre-puberty. However, there were no difference 
in the prevalence and severity of allergic dermatitis 
and allergic rhinitis in both genders.15,16 With respect 
to smoking exposure, neonates exposed to household 
smoke exhibited a higher likelihood of developing atopic 
diseases compared with unexposed neonates; however, 
this association did not reach statistical significance. This 
finding is partly consistent with the systematic review 
and meta-analysis by Kantor et al., which demonstrated 
that both passive and active smoking are associated with 
an increased prevalence of allergic dermatitis.17

	 Due to the insignificant results in this study, there 
is no definite conclusion on the relationships between 
the development of atopic diseases from both factors, 
sex and smoking in household. The only statistically 
significant factor associated with the development of 
atopic diseases in this study was a family history of 
atopy. However, a discrepancy was observed between 
the crude and adjusted odds ratios. Specifically, the 
crude OR indicated that neonates with a family history 
of atopy were more likely to develop atopic diseases 
(OR 8.33, 95% CI 1.85–37.58), whereas the adjusted 
OR suggested an inverse association (OR 0.126, 95% 
CI 0.03–0.63), representing a reversal in the direction 
of effect. The authors postulate that this inconsistency 
may be attributable to the small sample size, which can 
introduce unmeasured confounding and lead to model 
instability during multivariate adjustment. In addition, 
when considering the existing literature, most studies 
consistently demonstrate that a family history of atopy 
is a significant risk factor for the development of atopic 
diseases. Previous studies have identified family history 
of atopy as one of the most important predisposing 
factors for atopy in childhood, with one atopic parent 
conferring approximately a 25% risk, and two atopic 
parents increasing the risk to around 50%.18,19 Therefore, 
based on the crude OR and clinical plausibility, a family 

history of atopy is more likely to be a risk factor for the 
development of atopic diseases rather than a protective 
factor, as suggested by the adjusted OR.
	 The clinical implication of this study is that physicians 
may reassure parents about ETN in the neonatal period is 
unlikely to be associated with the subsequent development 
of atopic diseases. Nevertheless, obtaining a family history 
of atopy remains important for guiding anticipatory 
counseling and early preventive strategies in infant care 
to reduce the risk of atopic diseases in childhood.

Limitation
	 The main limitation of this study is the low statistical 
power. The sample size was 67 participants per group, 
which is considered rather small and could make it 
difficult to detect true effects or relationships of ETN 
and the development of atopy. Apart from this, due 
to the nature of this study being a retrospective cohort 
study, there is potential for recall bias and inaccurate 
data collection. However, this bias was minimized by 
double-checking the electronic medical records of each 
participant.

CONCLUSION
	 In conclusion, the relationship between ETN rash 
at birth and the development of atopy in childhood is 
inconclusive. The only statistically significant predisposing 
factor in this study is family history of atopy. This is largely 
due to inadequate sample size. Further study is needed 
to include larger and more representative sample size 
for meaningful and trustworthy scientific contribution.
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INTRODUCTION
	 Indirect inguinal hernia is one of the most common 
surgical problems, characterized by a protruding mass 
from the deep inguinal ring. The pooled prevalence of 
inguinal hernia is 7.7%.1 In contrast, a giant inguinal hernia, 
defined as a hernia extending below the midpoint of the 
inner thigh in the standing position, is less commonly 
found. The prevalence of giant inguinal hernia is very 

ABSTRACT
Objective: Giant inguinal hernia is a rare condition associated with high perioperative morbidity. Siriraj’s classification 
was developed to guide surgical management according to hernia extent; however, clinical outcome data remain 
limited. This study aimed to evaluate postoperative complications associated with giant inguinal hernia repair 
according to Siriraj’s classification.
Materials and Methods: A literature review and proportion meta-analysis were conducted to assess the surgical 
outcomes of giant inguinal hernia repair. PubMed and Google Scholar were systematically searched for studies 
reporting surgical management and complications of giant inguinal hernia. Studies were included if the hernia type 
could be classified according to Siriraj’s classification or sufficient clinical information was available. The primary 
outcome was postoperative complications. Pooled complication rates with 95% confidence intervals (CI) were 
calculated using fixed- or random-effects models based on heterogeneity.
Results: Ten studies involving 101 giant inguinal hernias were included in the meta-analysis. The overall postoperative 
complication rate was 35% (95% CI: 0.17–0.59). Type I giant inguinal hernia showed a complication rate of 43%, 
while non-Type I hernias demonstrated a complication rate of 37%. Although overall complication rates were 
comparable, major complications were predominantly observed in cases not adhering to Siriraj’s classification. 
Protocol adherence was significantly associated with reduced risk of major complications (odds ratio 0.007, 95% 
CI: 0.0003–0.142; p=0.0013).
Conclusion: Siriraj’s classification provides a practical framework for guiding surgical management of giant 
inguinal hernia and may reduce major postoperative complications. Further large-scale studies are required to 
validate these findings.

Keywords: Giant inguinal hernia; hernia repair; surgical outcomes; postoperative complications; classification; 
meta-analysis (Siriraj Med J 2026;78(5):384-391)

low, less than 5% in developed countries.2 In 2014, our 
institute proposed a classification system for giant inguinal 
hernias, consisting of three types as demonstrated in  
Fig 1.3: 
	 •	 Type I: Giant inguinal hernia where the sac extends  
		  between the mid-inner thigh and an imaginary line  
		  midway between the mid-inner thigh and the  
		  suprapatellar level.

Fig 1. Siriraj’s classification 
of giant inguinal hernia and 
recommended procedures.3
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	 •	 Type II: Hernia where the sac extends beyond the  
		  imaginary line but does not exceed the superior  
		  border of the patellar bone.
	 •	 Type III: The most extended type, where the sac  
		  extends below the superior border of the patellar  
		  bone.
	 The purpose of describing this classification is to 
suggest appropriate surgical treatments. The principle of 
treatment for all types is the reduction of the hernia contents 
and hernioplasty. This standard procedure is sufficient 
for Type I giant inguinal hernia when combined with 
intraoperative or postoperative intra-abdominal pressure 
monitoring. In cases where the sac is larger, as in Type 
II, hernioplasty and content reduction alone might not 
be safe due to the risk of abdominal hypertension, thus 
necessitating content resection. Furthermore, for Type III 
giant inguinal hernia, which has the largest sac volume, 
hernioplasty and content reduction are contraindicated. 
This type requires at least extensive content resection 
and is usually combined with procedures to increase 
abdominal volume.

MATERIALS AND METHODS
Study design and reporting standards
	 This study was conducted as a literature review 
with a proportion meta-analysis to evaluate the surgical 
outcomes of giant inguinal hernia repair according 
to Siriraj’s classification. The study methodology was 
designed in accordance with the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines where applicable.

Search strategy
	 A systematic literature search was performed in 
PubMed and Google Scholar from database inception 
to November 2023. The search strategy included the 
following terms: (“adult” OR “adult*”) AND (“giant 
inguinal hernia” OR “giant inguinoscrotal hernia”). 
Reference lists of relevant articles and citation tracking 
were also performed to identify additional eligible studies.

Eligibility criteria
Studies were included if they:
	 1. Reported surgical management of a giant inguinal  
		  hernia,
	 2. Provided sufficient clinical information to classify  
		  hernia type according to Siriraj’s classification  
		  or explicitly used this classification,
	 3. Reported postoperative outcomes or complications.
	 4.	Studies were excluded if they were non-operative  
		  studies, non-English publications, lacked sufficient  

		  clinical detail for classification, or used alternative  
		  classification systems.

Study selection
	 Two investigators independently screened titles, 
abstracts, and full texts for eligibility. Disagreements 
were resolved through discussion.

Data extraction
	 Data extracted included patient demographics, 
hernia type, diagnostic investigations, surgical approach, 
adherence to Siriraj’s classification, and postoperative 
complications.

Outcome measures
	 The primary outcome was postoperative complication 
rate. Secondary outcomes included severity of complications 
and the association between protocol adherence and 
major complications.

Protocol registration
	 This study was conducted based on a predefined 
research protocol. The review protocol was not prospectively 
registered due to its retrospective design, but followed 
established literature review methodology.

Ethics statement
	 This study involved secondary analysis of previously 
published data. Ethical approval and informed consent 
were not required.

RESULTS	
	 The search was conducted in November 2023. 
The database and manual search yielded 142 articles. 
After removing 31 duplicates, 111 articles were reviewed 
based on their abstracts. Following abstract screening, 70 
articles were selected for full-text review. Ultimately, 37 
articles met the inclusion criteria for an in-depth review. 
Ten of these articles4-13, which met the criteria for meta-
analysis, were analyzed, while the remaining 27 articles 
were assessed and categorized by each individual type 
as shown in Fig 2.14-40

	 We derived the pooled prevalence with a 95% 
confidence interval (CI) of the complications of procedures 
conducted on giant inguinal hernias. The I2 statistic was 
used to determine the heterogeneity of the gathered data. 
A random-effects model was used when I2 was >50%, 
and a fixed-effects model was used when I2 was <50%.
	 Of the 10 publications, there were 99 male patients and 
101 giant inguinal hernias. The mean age was 61.2 years. 
Type I giant inguinal hernias accounted for 68 hernias, 
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Fig 2. The flow diagram of the literature review.

and non-Type I giant inguinal hernias accounted for 33 
hernias. The most common investigation performed prior 
to specific surgical treatment was computed tomography 
(CT), particularly in non-Type I giant inguinal hernias. In 
contrast, only 11.8% (8 hernias) of Type I giant inguinal 
hernia cases underwent CT scans, with the majority 
needing only physical examination to determine the 
hernia type.
	 The surgical approach for Type I giant inguinal 
hernia was predominantly laparoscopic in 91.2% (62 

hernias) of cases, with the open approach used in 8.8% 
(6 hernias). For non-Type I giant inguinal hernias, the 
open approach was used in 69.7% (23 hernias). The 
most common technique for laparoscopic repair was 
transabdominal preperitoneal (TAPP) hernioplasty. 
Various techniques were used for open approaches, 
including Lichtenstein, retrorectus, or preperitoneal 
hernioplasty.
	 In the case of Type I giant inguinal hernia, all 68 
hernias in five publications followed Siriraj’s classification. 
Fourteen complications were reported, but all were 
minor. The complication rate for Type I giant inguinal 
hernia was 43% (95% CI: 0.09-0.85) with a random 
effects model (I2 = 81.03%) (Fig 3).
	 Since there was only one publication reporting on 
Type III giant inguinal hernia treatment and complications, 
five publications with Type II and Type III giant inguinal 
hernias were categorized into the non-Type I giant 
inguinal hernia group. Out of 33 hernias in this group, 
complications were reported in 11 hernias. The overall 
complication rate was 37% (95%CI: 0.21-0.55). When 
subgrouped by adherence to Siriraj’s classification, as 
shown in Fig 4, the complication rate for non-Type I 
giant inguinal hernia cases that followed the protocol 
and non-followed the protocol were 36% (95% CI: 0.16-
0.62) and 36% (95% CI: 0.14-0.66), respectively. In non-
followed protocol article9, four major complications were 
noted, including abdominal compartment syndrome and 
abdominal hypertension, while only minor complications 
were found in the followed protocol subgroup.4,7,8,11 

Although overall complication rates were comparable, 
major complications occurred predominantly in non-
protocol cases.
	 Out of 99 patients, complications were found in 25 
patients. According to the Clavien-Dindo classification41, 
serious complications (grade IIIb-V) were found in 4 
patients, including abdominal hypertension and pulmonary 
embolism. Minor complications (grade I-IIIa) consisted 
of seroma, hematoma, surgical site infection, and abscess. 

Fig 3. Complications of type I 
giant inguinal hernia.
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Fig 4. Overall complications.

The overall complication rate was 35% (95% CI: 0.17-
0.59) based on a random effects model (I² = 63.55%) 
(Fig 2). Focusing on Siriraj’s classification and surgical 
complications, the odds of major complications in the 
protocol group and odds of major complications in the 
non-protocol group were calculated. Fisher’s Exact test 
was used to determine nonrandom associations between 
two categorical variables. The odds ratio (OR) was 0.007 
(95% CI: 0.0003-0.142, p-value 0.0013), which means 
adhering to the protocol is highly effective in preventing 
major complications.

DISCUSSION
	 Inguinal hernia repairs typically exhibit overall 
complication rates ranging from 2.9% to 8%, commonly 
involving bleeding, wound infection, and cardiovascular 
or pulmonary complications. However, giant inguinal 
hernias are associated with higher complication rates. 
Previous systematic reviews have reported an overall 
complication rate of 39% for giant inguinal hernias, 
with more severe complications such as abdominal 
compartment syndrome, bowel injury, or Fournier’s 
gangrene. To mitigate these hazardous events, surgical 

Fig 5. Complications of non-type I giant inguinal hernia.
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protocols tailored to the type of giant inguinal hernia 
are imperative.
	 Type I giant inguinal hernias are often diagnosed 
by clinical examination or simple investigations such as 
CT scans. Our protocol suggests that this type requires 
content reduction, intraoperative intraabdominal pressure 
monitoring, and hernioplasty. Surgical approaches can be 
achieved through either open or laparoscopic methods. 
From our review, 91.2% of Type I cases were managed 
laparoscopically, mainly via transabdominal preperitoneal 
hernia repair (TAPP). Despite the higher number of 
complications compared to non-giant inguinal hernias, all 
complications were minor and treatable with conservative 
treatment.
	 Type II giant inguinal hernias pose greater surgical 
challenges and typically require CT scans to determine the 
extent of visceral involvement. Approaches may include 
open, laparoscopic, or hybrid methods. Forceful reduction 
of the hernia contents is often difficult and can lead to 
abdominal hypertension, thus organ resection might be 
unavoidable. Commonly removed contents from the 
hernia sac include the greater omentum, orchidectomy, or 
bowel segments. Alternatively, increasing intra-abdominal 
volume through progressive pneumoperitoneum in the 
first stage, followed by content reduction with hernioplasty 
in the second stage, may be performed without extensive 
organ resection. 
	 Massive inguinal hernias, such as type III, require 
at least a CT scan and abdominal CT volumetry to 
assess for loss of domain. Hernioplasty and forceful 
reduction are contraindicated due to the risk of fatal 
complications. To mitigate abdominal compartment 
syndrome or respiratory failure, extensive organ resection 
may be necessary, possibly combined with progressive 
pneumoperitoneum. Prediction of abdominal hypertension 
through preoperative CT volumetry, using the ratio of 
hernia sac volume divided by abdominal cavity volume 
≤ 0.25, is crucial. If prediction methods such as the 
Tanaka or Sabbagh method indicate the possibility of 
abdominal hypertension, procedures to increase abdominal 
volume are warranted. Additionally, perioperative and 
postoperative intraabdominal pressure monitoring must 
be mandatory.

Limitations
	 This study has several limitations. Firstly, it is not 
a systematic review but rather a literature review, and 
the search strategy was not as strict as systematic review 
guidelines. Specific inclusion criteria were set only for 
Siriraj’s classification. Secondly, due to the rarity of this 
condition, many publications are case reports, case series, 

or retrospective studies, which may have impacted the 
power of our meta-analysis. Lastly, a significant number 
of studies did not include follow-up protocols or have 
significant follow-up periods, thus limiting the collection 
of data on recurrence rates among giant hernia types, 
which is a crucial long-term outcome of treatment.

CONCLUSION
	 The classification and management of giant inguinal 
hernia remain heterogeneous and technically demanding. 
This study suggests that Siriraj’s classification provides a 
practical, structured framework to guide operative strategy 
according to hernia extent. While overall complication 
rates were comparable, adherence to classification-guided 
management was associated with a significant reduction 
in major postoperative complications. In particular, 
Type I giant inguinal hernias may be safely managed 
with reduction and hernioplasty—predominantly via 
laparoscopic TAPP with intra-abdominal pressure 
monitoring—whereas non–Type I hernias frequently 
require adjunctive procedures to prevent abdominal 
compartment syndrome.
	 Although limited by a small sample size and substantial 
heterogeneity, these findings offer clinically relevant 
preliminary guidance in an area lacking standardized 
management algorithms. Further prospective, large-scale 
studies are warranted to validate these recommendations 
and refine operative strategies for each hernia type.
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ABSTRACT
	 Chimeric antigen receptor (CAR) T-cell therapy and CD3-directed bispecific T-cell engagers (BiTEs) have 
transformed cancer immunotherapy, particularly for relapsed or refractory hematologic malignancies. However, 
CAR T-cell therapy remains constrained by complex genetic engineering, individualized manufacturing, specialized 
infrastructure, high cost, limited accessibility, and treatment-related toxicities such as cytokine release syndrome 
(CRS) and immune effector cell–associated neurotoxicity syndrome (ICANS). In contrast, soluble BiTEs frequently 
require repeated dosing or continuous infusion because of their short serum half-life and may also induce CRS and 
neurotoxicity. To address these limitations, our research group at the Siriraj Center of Research Excellence for Cancer 
Immunotherapy (SiCORE-CIT) developed bispecific protein engager (BiPE)–armed T cells (BATs), a non-genetically 
modified and adaptable platform that combines BiPE-mediated tumor targeting with the intrinsic cytotoxic activity 
of activated T cells. This review positions BATs within the broader evolution of cancer immunotherapy—including 
monoclonal antibodies (mAbs), antibody–drug conjugates (ADCs), CAR T cells, bispecific antibodies (BsAbs), and 
BiTEs—and summarizes their structure and mechanism of action. BATs mediate major histocompatibility complex 
(MHC)-independent T-cell activation, promote immune synapse formation, and enable efficient tumor cell lysis. 
Clinical studies of bispecific antibody–armed T cells (BsAb-Ts), the closest clinical analogs of BATs, demonstrate 
feasibility, a consistent absence of dose-limiting toxicities (DLTs), and preliminary biological and clinical activity. 
Building on this foundation, next-generation BAT platforms targeting tumor-associated antigens and immune 
checkpoint molecules—including BCMA, CD138, integrin αvβ6, and PD-L1—have shown promising preclinical 
activity in multiple myeloma, breast cancer, and cholangiocarcinoma. Collectively, BATs represent a flexible, 
scalable, and potentially safer platform for next-generation precision T-cell immunotherapy.

Keywords: Cancer immunotherapy; bispecific protein engager-armed T cells (BATs); bispecific antibodies; chimeric 
antigen receptor (CAR) T cells; tumor-associated antigens (Siriraj Med J 2026;78(5):392-401)

INTRODUCTION
	 Cancer comprises heterogeneous diseases driven 
by dysregulated proliferation, invasion, and metastasis, 
ultimately causing organ failure and death if untreated. At 
the molecular level, oncogenesis arises from the progressive 
accumulation of genomic and epigenetic alterations 
that confer hallmark capabilities, including immune 
evasion.1 Globally, cancer accounted for approximately 
20 million new cases and 9.7 million deaths in 2022, 
and demographic shifts are projected to increase annual 
incidence substantially to 35 million new cases by 2050, 
disproportionately affecting low- and middle-income 
countries where access to effective prevention and therapies 
remains limited.2,3 Immune surveillance can eliminate 
transformed cells; however, antitumor immunity is often 
compromised by aging, immunosuppression, and tumor-
mediated evasion mechanisms, including the expression 
of immune checkpoint proteins.4 These insights form the 
foundation of modern immunotherapy, which aims to 
restore, amplify, or redirect immune responses to achieve 
durable tumor control.

Development of Cancer Immunotherapy
	 The development of cancer immunotherapy has 
progressed through a series of pivotal milestones. Early 

observations in the late 19th century by William B. 
Coley demonstrated that bacterial infections could 
induce tumor regression, leading to the development 
of “Coley’s toxins,” which stimulate antitumor immune 
responses.5 This was followed by the identification of 
tumor antigens and advances in monoclonal antibody 
technology in the 1970s–1990s, enabling targeted therapies 
such as rituximab. The discovery of immune checkpoint 
pathways, particularly CTLA-4 and PD-1, led to the 
development of checkpoint inhibitors that revolutionized 
cancer treatment by overcoming tumor-induced immune 
suppression.4,6 Immunotherapy has expanded from 
therapeutic monoclonal antibodies to antibody-drug 
conjugates (ADCs), vaccines, and adoptive cell transfer 
(ACT). ACT approaches, including tumor-infiltrating 
lymphocytes (TILs) and chimeric antigen receptor (CAR) 
T cells, enable ex vivo expansion and/or functional 
programming of immune cells for enhanced tumor 
recognition and cytotoxicity.7,8 CAR T-cell therapy has 
achieved high response rates in several hematologic 
malignancies, establishing immune cell redirection 
as a powerful paradigm.8-10 Together, these sequential 
breakthroughs have transformed immunotherapy into 
a central pillar of modern oncology.
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Monoclonal Antibodies and Antibody-Drug Conjugates
	 Therapeutic monoclonal antibodies (mAbs) were among 
the earliest widely adopted targeted immunotherapies. 
Their specificity enables selective targeting with reduced 
off-target damage, and mechanisms include blockade 
of oncogenic signaling, antibody-dependent cellular 
cytotoxicity (ADCC), complement-dependent cytotoxicity 
(CDC), and immune checkpoint modulation.11 Antibody-
drug conjugates (ADCs) extend mAb functionality by 
linking a tumor-targeting antibody to a potent cytotoxic 
payload. After binding and internalization, payload release 
can kill tumor cells while reducing systemic exposure 
compared with conventional chemotherapy.12,13

Chimeric Antigen Receptor T Cells
	 Chimeric antigen receptor (CAR) T-cell therapy 
enables patient-derived T cells to recognize and kill tumor 
cells in a major histocompatibility complex (MHC)-
independent manner. First-generation CARs fused an 
antibody-derived single-chain variable fragment (scFv) 
to CD3ζ but showed limited persistence and activity, 
prompting iterative improvements.8,9 Second-generation 
CARs incorporate one costimulatory domain (e.g., CD28 
or 4-1BB) and underpin most approved products, while 

later-generation constructs add signaling modules and/
or inducible payloads to enhance function and modulate 
the tumor microenvironment.14

	 Our research group developed a stepwise CAR 
generation platform (CAR4, CAR5, and CAR6) (Fig 1),  
first in hematologic malignancies and then in solid tumors. 
In B-cell malignancies, CD19-CAR4 T cells incorporating 
CD28, 4-1BB (CD137), and CD27 costimulatory domains 
demonstrated potent antigen-specific cytotoxicity against 
CD19-positive leukemia/lymphoma cells with preserved 
proliferative capacity and reduced inflammatory cytokine 
production, supporting improved safety and persistence.15 
Fifth-generation CAR5 designs were engineered to 
overcome checkpoint suppression via local secretion 
of anti-PD-L1 scFv, enabling effective killing of CD19-
positive/PD-L1high leukemia cells and restoring activity 
under PD-L1-mediated inhibition.16,17 Translating to 
solid tumors, CAR4 T cells targeting CD133 and MUC1 
in cholangiocarcinoma and FRα and Trop2 in breast 
cancer showed strong antigen-dependent cytotoxicity 
and T helper 1-type effector responses, including in 
three-dimensional spheroid models.18-21 Incorporation of 
checkpoint blockade in CAR5 constructs (e.g., BCMA-CAR5; 
αvβ6-CAR5, FRα-CAR5) enhanced cytotoxicity against 

Fig 1. Chimeric antigen receptor (CAR) T-cell platforms developed at the Siriraj Center of Research Excellence for Cancer Immunotherapy 
(SiCORE-CIT), including fourth-generation (CAR4), fifth-generation (CAR5), and sixth-generation (CAR6) constructs. CAR4 T cells 
incorporate multiple costimulatory domains—CD28, 4-1BB (CD137), and CD27—linked to the CD3ζ signaling domain. CAR5 T cells 
retain the CAR4 architecture and are additionally engineered to secrete anti-PD-L1 single-chain variable fragments (scFv). CAR6 T cells 
are based on the CAR4/5 framework and are further designed to secrete anti-PD-L1 × anti-CD3 bispecific protein engagers (BiPEs).

Yenchitsomanus
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PD-L1high targets and improved spheroid infiltration 
and control.17,22,23 Sixth-generation CAR6 T cells were 
designed to secrete an αPD-L1 × αCD3 bispecific engager, 
combining localized checkpoint blockade with bystander 
T-cell recruitment and amplifying antitumor responses 
in PD-L1-positive cholangiocarcinoma models.24

	 Clinically, CD19-targeted CAR T-cell therapies have 
achieved high remission rates in relapsed/refractory B-cell 
acute lymphoblastic leukemia (B-ALL) and large B-cell 
lymphomas, while BCMA-directed CAR T cells show 
remarkable efficacy in multiple myeloma.9,10 However, their 
therapeutic activity in solid tumors remains limited because 
of antigen heterogeneity, inadequate T-cell trafficking 
and infiltration, and the presence of immunosuppressive 
microenvironments. Consequently, next-generation 
strategies, including multi-target and armored CAR T 
cells, are actively being developed to overcome these 
barriers.14 Despite their substantial clinical promise, 
CAR T-cell therapies remain constrained by complex 
and time-consuming manufacturing processes, high 
treatment costs, and risks of CRS/ICANS that require 
specialized management. Standardized toxicity assessment 
has been improved through the consensus grading criteria 
established by the American Society for Transplantation 
and Cellular Therapy (ASTCT).25

Bispecific Antibodies and Bispecific Antibody-Armed 
T Cells
	 Bispecific antibodies (BsAbs) bind two distinct 
antigens or epitopes and can redirect immune effector 
cells. A key oncologic application is T-cell redirection: 
one arm binds a tumor-associated antigen (TAA) and 
the other engages CD3, enforcing proximity, immune 
synapse formation, activation, and tumor lysis in an MHC-
independent manner26-29 (Fig 2). Early BsAbs generated 
by chemical conjugation or quadroma technology were 
limited by heterogeneity and purification challenges. 
Modern engineering platforms, including knobs-into-
holes, CrossMab, and common light chain/Fc engineering, 
support scalable production and improved stability and 
pharmacokinetics.30-34

	 Bispecific antibody-armed T cells (BsAb-Ts), regarded 
as first-generation “BATs”, are activated T cells transiently 
coated ex vivo with anti-CD3 × anti-TAA antibodies, 
thereby redirecting cytotoxicity without permanent 
genetic modification.35-40 Across early-phase studies in 
diverse malignancies, BsAb-Ts have shown feasibility, 
a reproducible safety profile with a consistent absence 
of dose-limiting toxicities (DLTs), and early activity 
signals such as immune activation, partial responses, 
and prolonged stable disease in subsets35-40 (Table 1).

Fig 2. Structure and mechanism of action of bispecific antibodies (BsAbs). BsAbs contain two distinct antigen-binding fragments (Fabs): 
one recognizing CD3 on T cells and the other targeting a tumor-associated antigen (TAA) on cancer cells. By simultaneously binding both 
cells, BsAbs bring T cells and tumor cells into close proximity, promoting immune synapse formation, T-cell activation, and targeted tumor 
cell lysis in a major histocompatibility complex (MHC)–independent manner.
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TABLE 1. Summary of clinical investigations of BsAb-Ts (representative examples).35-40

 Target	      Cancer	  Trial phase /	   
Maximum

	 Key safety	 DLTs	       
Signals of 

 
 antigen	    indication	      design	  

BAT dose
	   findings	 	

efficacy / immune
 

			       
tested

			           
activity

	 Neuroblastoma, 			   Mild CRS		  Partial response,

GD2	 osteosarcoma,	 Phase I/II, 3+3 	 160×106	 (fever, chills),		  prolonged stable

(GD2-	 desmoplastic	 escalation	 cells/kg/	 minimal GD2- 	 None	 disease, increased

BATs)	 small round	 (n=12) 	 infusion	 related pain	 	 IFN-γ ELISpot, 

	 cell tumor					     T helper 1 cytokines35

EGFR	 	 Phase I, 	 	 No CRS; 

(EGFR-	 Grade 4	 escalation plus	 Total 80×109	 transient	 None	 Induced systemic

BATs)	 astrocytoma 	 expansion	 cells (study-	 cytokine		  antitumor immunity36

	 	 (n=10)	 defined)	 changes	 	

	 Metastatic	 Phase II	 20×109 BATs

HER2	 breast cancer	 (immune	 per infusion	 Grade 1-2	 None	 Stable disease;

(HER-	 (HER2-low/	 consolidation) 	 (total 80×109 	 infusion 		  immune

BATs)	  negative)	 (n=32)	 BATs)	 reactions		  activation37

			   Up to 1010

HER2+	 Metastatic	 Phase II	 BATs/infusion	 Manageable	 	 Progression-free

PD-1	 castration-	 combination	 (twice per week	 infusion	 None	 and overall survival

(HER2-	 resistant	 (n=14)	 for 4 weeks) in	 reactions	 	 signals in subsets38

BATs)	 prostate cancer	 	 combination with 

			   pembrolizumab			 

						      Anti-cancer

EGFR	 	 Early-phase 	 	 	 	 responses, and tumor

(EGFR-	 Pancreatic	 plus translational	 10-40×109	 Well	 None	 chemosensitization; 

BATs)	 cancer	 (n=7)	 BATs/infusion	 tolerated		  killing of resistant 		

						      cells39

CD20 				    Safe in the		  Reduced clonogenic

(targeting	 Multiple 	 Phase Ib	 2 doses of	 peri-	 None	 cells; transferable
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CD3-Engaging Bispecific T-Cell Engagers / Bispecific 
Protein Engagers
	 CD3-engaging bispecific proteins redirect endogenous 
T cells toward malignant cells. “BiTE” is trademarked; 
here “BiPE” is used as a broader descriptor. These 
molecules typically comprise two linked scFvs: one 
binds CD3ε and the other recognizes a TAA, bridging T 
cells and tumor cells to drive synapse formation, T-cell 
activation/proliferation, and perforin/granzyme-mediated 
cytotoxicity in an MHC-independent manner26-28,41  

(Fig 3). Clinically, blinatumomab (anti-CD19 × anti-
CD3) improved outcomes in relapsed/refractory B-ALL 
and gained approvals including for minimal residual 
disease (MRD)-positive disease.42-44 In multiple myeloma, 
anti-BCMA × anti-CD3 bispecific antibodies such as 
teclistamab and elranatamab show substantial activity 
in relapsed/refractory settings.45,46 In solid tumors, 
redirection is complicated by antigen heterogeneity 
and on-target/off-tumor risks; however, tebentafusp 
(anti-gp100-derived peptide presented on HLA-A*02:01 
× anti-CD3) demonstrated an overall survival benefit 
in metastatic uveal melanoma, validating the strategy 
in selected solid tumors.47,48

	 Despite promise, key constraints of many bispecific 
formats include short half-life, frequent dosing or continuous 
infusion requirements, and CRS/neurotoxicity risks; 
mitigation strategies include half-life extension, step-up 
dosing, and rational combinations.26-28,34

Fig 3. Structure and mechanism of action of bispecific protein engagers (BiPEs). BiPEs consist of two linked single-chain variable fragments 
(scFvs): one binds CD3ε on T cells and the other recognizes a tumor-associated antigen (TAA) on cancer cells. By simultaneously engaging 
both targets, BiPEs bridge T cells and tumor cells, promoting immune synapse formation, T-cell activation and proliferation, and perforin/
granzyme-mediated cytotoxicity in a major histocompatibility complex (MHC)–independent manner.

Bispecific Protein Engager-Armed T Cells
	 CAR T cells and soluble CD3-engaging BiTEs/
BiPEs can be highly effective but face practical and safety 
limitations, including manufacturing complexity and 
CRS/ICANS for CAR T cells, and frequent dosing and 
CRS/neurotoxicity for soluble engagers.8-10,25-28 BATs 
combine the targeting precision of BiPEs with the 
intrinsic cytotoxic capacity of activated T cells, aiming 
to preserve potency while improving manufacturability 
and pharmacodynamic control.49-52

	 BATs are non-genetically modified T cells armed ex 
vivo with BiPEs, typically scFv-scFv constructs binding 
CD3ε and a TAA. After infusion, BiPE-armed T cells 
are bridged to tumor targets, inducing antigen-specific 
activation, immune synapse formation, and MHC-
independent cytotoxicity26-28,49-52 (Fig 4). Transient surface 
arming enables controllable activity without genomic 
modification, potentially simplifying manufacturing 
relative to gene-modified products.49-52

	 BAT efficacy depends on stable immune synapse 
formation. BiPE-mediated CD3-TAA crosslinking 
enforces close contact and triggers spatial reorganization of 
signaling and adhesion components, including clustering 
of the T-cell receptor (TCR)/CD3 complex, recruitment 
of proximal kinases, and organization of central and 
peripheral supramolecular activation cluster (cSMAC/
pSMAC) structures supported by adhesion molecules.53-56 

Downstream signaling drives Ca2+ influx, mitogen-activated 
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Fig 4. Structure and mechanism of action of bispecific protein engager (BiPE)–armed T cells (BATs). BATs are non-genetically modified 
T cells armed ex vivo with BiPEs, typically composed of scFv–scFv constructs that bind CD3ε on T cells and a tumor-associated antigen 
(TAA) on cancer cells. Following infusion, the BiPE molecules bridge BATs to tumor cells, promoting antigen-specific activation, immune 
synapse formation, perforin and granzyme release, and major histocompatibility complex (MHC)–independent tumor cell killing.

protein kinase activation, cytoskeletal remodeling, and 
microtubule-organizing center reorientation to deliver 
lytic granules.53-55 Perforin enables granzyme entry, notably 
granzyme B, to trigger apoptosis and cancer cell lysis 
(Fig 4); Fas/FasL can contribute in parallel.53-55,57

Development of BATs at SiCORE-CIT
	 SiCORE-CIT has established BATs as a versatile 
platform targeting multiple antigens and immune 
checkpoints across hematologic and solid tumors. 
In multiple myeloma, anti-BCMA × anti-CD3 BATs 
promoted antigen-specific activation, proliferation, and 
cytotoxicity with robust effector cytokines and limited 
interleukin-6 (IL-6) induction.50 CD138-specific BATs 
showed strong and selective killing of CD138-positive 
myeloma cells with induction of cytolytic mediators 
including perforin, granzymes, soluble Fas ligand, and 
tumor necrosis factor-α (TNF-α), together with low 
levels of selected pro-inflammatory cytokines, supporting 
a potentially favorable safety profile.51 To overcome 
checkpoint-mediated suppression, anti-PD-L1 × anti-
CD3 BATs efficiently lysed PD-L1-expressing breast 
cancer cells in two-dimensional and three-dimensional 
models and retained function after cryopreservation.49 
In cholangiocarcinoma, A20/anti-CD3 BATs targeting 
integrin αvβ6 enhanced activation, proliferation, effector-

memory differentiation, and cytotoxicity, including 
against spheroids, supporting activity in complex tumor 
models.52 Chemotherapy can also modulate tumor immune 
susceptibility. For example, gemcitabine has been shown to 
upregulate PD-L1 expression in cholangiocarcinoma cells, 
creating an opportunity to exploit this adaptive change 
using anti-PD-L1 × anti-CD3 BiPEs to enhance T-cell-
mediate cytotoxicity.58 Accordingly, BATs can be effectively 
integrated with chemotherapy. Combination strategies 
may leverage therapy-induced PD-L1 upregulation: for 
instance, anti-PD-L1 × anti-CD3 BATs combined with 
low-dose bortezomib demonstrated enhanced cytotoxic 
activity against multiple myeloma cells in preclinical 
models where bortezomib increased PD-L1 expression.59

Advantages of BATs over CAR T Cells and Soluble 
BiPEs
	 BATs offer several potential advantages: (i) simplified 
manufacturing without genetic modification or vector 
production; (ii) shorter timelines and potentially lower 
cost using transient arming with relatively small amounts 
of BiPE; (iii) localized pharmacodynamic engagement 
with reduced dependence on continuous infusion; and 
(iv) potential safety advantages via controllable arming 
density and transient activity.25-28,49-52

	 Preclinical BAT studies consistently show antigen-
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specific cytotoxicity in hematologic and solid tumor 
models.49-52 Supportive translational evidence comes 
from BsAb-T trials, which demonstrate feasibility and 
a consistent absence of DLTs, with biological activity 
signals across indications.35-40

	 The immunosuppressive tumor microenvironment 
limits many immunotherapies. BATs may partially mitigate 
these barriers through localized, engager-mediated activation 
and by modular targeting, including checkpoint ligands 
such as PD-L1, to address heterogeneity and immune 
escape.26-28,49-52

	 Translation requires good manufacturing practice 
(GMP)-compliant BiPE production, validated arming 
conditions, and standardized potency/stability assays 
with defined release criteria.49-52 BATs share class risks 
of redirected T-cell activation, including CRS and less 
commonly neurotoxicity, and ASTCT grading provides 
standardized toxicity assessment.25 Antigen selection 
and affinity tuning remain essential to reduce on-target/
off-tumor toxicity.26-28

	 Compared with CAR T cells and continuous-infusion 
BiTE therapies, BATs may reduce complexity and improve 
accessibility, particularly if workflows become standardized 
and scalable.49-52

Future Directions and Innovations
	 Next steps include dual- or multi-target BiPEs/BATs 
to reduce antigen escape, incorporation of costimulatory 
engagement or checkpoint blockade to enhance persistence 
and limit T-cell exhaustion, and development of off-
the-shelf approaches, including allogeneic strategies, 
while addressing rejection, persistence, and safety.14,60-63 
Beyond oncology, CD19- or BCMA-directed redirection 
strategies may be adaptable to selected antibody-mediated 
autoimmune diseases driven by pathogenic B cells or 
plasma cells, but will require stringent safety controls.64,65

CONCLUSION
	 BATs integrate bispecific targeting with T-cell 
cytotoxicity to enable MHC-independent tumor killing 
while potentially improving manufacturability and 
pharmacodynamic control relative to CAR T cells and 
soluble bispecific proteins. Accumulating preclinical 
evidence, supported by BsAb-T clinical experience, suggests 
BATs can deliver adaptable antitumor activity with a 
promising safety profile, but successful translation will 
require standardized GMP workflows, validated potency 
and safety testing, and rigorous clinical evaluation.35-40,49-52
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