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Background: Awake craniotomy is the standard of care for treating language 
eloquent gliomas. However, depending on preoperative functionality, it is not 
feasible in each patient and selection criteria are highly heterogeneous. Thus, 
this study aimed to identify broadly applicable predictor variables allowing for a 
more systematic and objective patient selection.

Methods: We performed post-hoc analyses of preoperative language status, 
patient and tumor characteristics including language eloquence of 96 glioma 
patients treated in a single neurosurgical center between 05/2018 and 01/2021. 
Multinomial logistic regression and stepwise variable selection were applied to 
identify significant predictors of awake surgery feasibility.

Results: Stepwise backward selection confirmed that a higher number of 
paraphasias, lower age, and high language eloquence level were suitable 
indicators for an awake surgery in our cohort. Subsequent descriptive and 
ROC-analyses indicated a cut-off at ≤54  years and a language eloquence 
level of at least 6 for awake surgeries, which require further validation. A high 
language eloquence, lower age, preexisting semantic and phonological aphasic 
symptoms have shown to be suitable predictors.

Conclusion: The combination of these factors may act as a basis for a systematic 
and standardized grading of patients’ suitability for an awake craniotomy which 
is easily integrable into the preoperative workflow across neurosurgical centers.

KEYWORDS

awake craniotomy, language eloquence, glioma, preoperative language status, 
multinomial logistic regression

OPEN ACCESS

EDITED BY

Maja Rogić Vidaković,  
University of Split, Croatia

REVIEWED BY

Thomas Picht,  
Charité – University Medicine Berlin,  
Germany
Matthew Tate,  
Northwestern University, United States

*CORRESPONDENCE

Sebastian Ille  
 Sebastian.Ille@med.uni-heidelberg.de

RECEIVED 03 January 2024
ACCEPTED 11 April 2024
PUBLISHED 02 May 2024

CITATION

Kram L, Neu B, Schroeder A, Wiestler B, 
Meyer B, Krieg SM and Ille S (2024) Toward a 
systematic grading for the selection of 
patients to undergo awake surgery: 
identifying suitable predictor variables.
Front. Hum. Neurosci. 18:1365215.
doi: 10.3389/fnhum.2024.1365215

COPYRIGHT

© 2024 Kram, Neu, Schroeder, Wiestler, 
Meyer, Krieg and Ille. This is an open-access 
article distributed under the terms of the 
Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication 
in this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE Original Research
PUBLISHED 02 May 2024
DOI 10.3389/fnhum.2024.1365215

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2024.1365215&domain=pdf&date_stamp=2024-05-02
https://www.frontiersin.org/articles/10.3389/fnhum.2024.1365215/full
https://www.frontiersin.org/articles/10.3389/fnhum.2024.1365215/full
https://www.frontiersin.org/articles/10.3389/fnhum.2024.1365215/full
https://www.frontiersin.org/articles/10.3389/fnhum.2024.1365215/full
https://www.frontiersin.org/articles/10.3389/fnhum.2024.1365215/full
mailto:Sebastian.Ille@med.uni-heidelberg.de
https://doi.org/10.3389/fnhum.2024.1365215
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://doi.org/10.3389/fnhum.2024.1365215


Kram et al. 10.3389/fnhum.2024.1365215

Frontiers in Human Neuroscience 02 frontiersin.org

1 Introduction

Since the early 20th century, direct electrical stimulation (DES) 
during awake surgery is used to localize and study language and 
speech in patients (Rahimpour et al., 2019). Whilst this method was 
initially applied for mapping epileptic foci, it soon was extended to 
resections of brain tumors in eloquent areas (Penfield and Roberts, 
1959; Ojemann et al., 1989; Surbeck et al., 2015).

With technological and methodological advances, awake 
language mapping became the gold standard for balancing the 
preservation of language function and the extent of resection in 
patients with brain tumors (Mandonnet et  al., 2010). Moreover, 
growing evidence supported a variable and individual distribution 
of language functions across a wide-spread cortical and subcortical 
network (Duffau et  al., 2014; Chang et  al., 2015). This inter-
individual variability in combination with potential tumor-induced 
functional reorganization (Thiel et al., 2005; Krieg et al., 2013; Wang 
et al., 2013; Ille et al., 2019) underlines the necessity of thoroughly 
testing language localization in patients with brain tumors in 
critical areas.

Still, awake language mapping is not feasible in every patient. 
It requires patients to perform language tasks while stimulation 
elicits transient disruptions of the language network resulting in 
audible language errors (Talacchi et al., 2013b). Thus, patients need 
to have sufficient language skills to complete these tasks. Whilst no 
standardized guidelines are available, some studies suggest a 
cut-off at 25% errors during baseline or 50% errors in all modules 
of a standardized test battery as a contraindication for awake 
mapping (Picht et  al., 2006; Hervey-Jumper and Berger, 2016). 
Still, it is often not mentioned how these thresholds were derived 
nor were different error types differentiated. Moreover, no 
consensus exists about what constitutes sufficient language skills 
and which role different aphasia types and symptoms play. 
Different language tasks and testing batteries may be employed 
during DES awake language mapping (De Witte et  al., 2015; 
Martin-Monzon et  al., 2022). As these can test heterogeneous 
language abilities, each test requires sufficient task-specific skills. 
Since object naming is one of the most common intraoperative 
language tests (Martin-Monzon et  al., 2022), we  focused our 
analysis on preoperative object naming performance as an 
indicator for patient’s suitability to undergo awake surgery. During 
naming tasks, impairments may comprise phonological and 
semantic paraphasias, neologisms, no responses, or 
circumlocutions (Fridriksson et al., 2009; Meier et al., 2020) in 
various combinations and degrees of severity, impacting the 
patient’s suitability for awake surgeries with regard to the 
intraoperative analysis.

In addition, the location of a tumor in language eloquent areas is 
a key component in the decision process for or against an awake 
surgery. Still, the structural language network comprises a multitude 
of subcortical tracts and cortical areas (Chang et al., 2015; Friederici, 
2017) covering a large proportion of the left hemisphere which 
complicates the differentiation of the level of language eloquence. A 
recently published three-tier grading system allows to define the grade 
of language eloquence in a standardized and systematic way (Ille et al., 
2021). Based on cortical and subcortical tumor localization as well as 
clinical presence of preexisting aphasia, the level of language eloquence 

is defined, which has shown to be higher in awake surgery cases (Ille 
et al., 2021).

Moreover, awake surgeries require a large multidisciplinary team, 
consequently increasing timely and staff effort, as well as may cause 
additional psychological strain for patients and pose the risk of 
seizures (Talacchi et al., 2013a). This further highlights the necessity 
of careful and systematic patient selection criteria.

Typically, whilst many – especially large – neurosurgical centers 
perform preoperative functional imaging, this may not be available in 
every clinic. Since the aim of the present exploratory study was to 
develop a general, standardized support for the indication of awake or 
asleep procedures, no preoperative non-invasive functional imaging 
or stimulation data was used.

We ascertained whether the severity of different aphasic features 
during naming and patient-specific characteristics in combination 
with a recently published standardized grading of language eloquence 
(Ille et al., 2021) are suitable variables for patient selection.

2 Materials and methods

2.1 Ethics

This study was approved by the local ethics committee of the 
Institutional Review Board of Technical University of Munich 
(reference number: 192/18). Moreover, it followed the guidelines of 
the Declaration of Helsinki.

2.2 Patient selection

We performed a post-hoc analysis of prospectively enrolled 
patients with left-hemispheric and suspected language eloquent brain 
tumors who underwent preoperative video-recorded standardized 
object naming in our department between May 2018 and January 
2021. This cohort partly overlaps with the cohort of Ille et al. (2021) 
in which the language eloquence grading was first established. All 
patients needed to be  at least 18 years old. Patients with cochlear 
implants or pacemakers were excluded. Only patients with 
histologically confirmed glioma were considered for analysis. 
Moreover, patients who did not undergo surgery were excluded. In 
addition, patients needed to be proficient speakers of German to allow 
for an in-depth analysis of their language status. Handedness was 
checked with the Edinburgh Handedness Inventory (Oldfield, 1971). 
An overview of the selection process is provided in Figure 1.

2.3 Language assessment

Language performance was assessed by a trained speech and 
language therapist (SLT, L.K.) based on video recordings of a 
standardized routine object naming task (Krieg et al., 2017; Ille et al., 
2021). During this analysis, the SLT was blinded to type of surgery, 
tumor entity and localization. The task comprised black-and-white 
drawings of 80 common objects. Naming can provide valuable insight 
into the patients’ productive language abilities as naming tasks are 
commonly included in standardized language assessment tools 
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(Huber et al., 1983; Kertesz, 2007). This post-hoc in-depth analysis of 
the video recordings allowed to identify the following types of 
language errors: automated language elements (e.g., perseveration, 
phrase), paraphasia (e.g., semantic or phonological paraphasia, 
conduit d’approche, conduit d’écart), neologisms (semantic or 
phonological neologisms), and word finding difficulties. Moreover, the 
overall expressive aphasia severity was rated by the SLT (0 = no aphasia 
to 5 = extremely severe aphasia).

2.4 Magnetic resonance imaging

A standardized MRI protocol (Sollmann et al., 2016, 2018) was 
followed which is routinely performed prior to surgery with a 3 T MRI 
scanner (Achieva dStream or Ingenia; Philips Healthcare, Best, 
Netherlands) with an 8-or 32-channel phased-array head coil in the 
department of neuroradiology. Structural MRI scans with at least a 
three-dimensional T1-weigthed gradient echo sequence (with and 

FIGURE 1

Selection process. The flowchart describes the selection process of patients included in this study. Exclusion criteria highlighted in gray. Number (n) of 
patients excluded as well as considered are provided for each selection step.
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without contrast agent) and a diffusion tensor imaging sequence with 
32 diffusion directions were derived for each patient.

2.5 Language eloquence classification

In order to directly compare language eloquence across patients, 
a recently published standardized three-tier system was applied (Ille 
et al., 2021). This classification, developed for scientific analysis of 
tumor localizations, allows to classify the overall low (0–2), moderate 
(3–5) and high (6–9) level of language eloquence based on cortical, 
subcortical and clinical characteristics (Figure 2). Tumor localization 
within highly or moderately language eloquent cortical areas and 
subcortical white matter pathways or within a predefined distance to 
these, respectively, is attributed with 0 to 3 points. This is purely based 
on the preoperative MRI scans, with no additional processing or 
analysis steps. Additionally, if patients present with tumor-induced 
preoperative aphasia or language impairments following a previous 
resection, two points for high clinical language eloquence are added. 
If, however, aphasia manifested in context of focal seizures, one point 
is given for moderate clinical language eloquence. The sum of all these 

components finally determines the overall language eloquence level 
ranging from 0 to 9.

2.6 Statistical analysis

Statistical analyses were performed with R (R Core Team, 2022; 
Rstudio Team, 2022), plots created with ggplot2 R package (Wickham, 
2016). A p-value <0.05 was considered statistically significant. 
Binomial logistic regression was carried out to ascertain the effects of 
age, sex, the number of manifestations of the language impairment 
categories (automated language elements, paraphasias, word finding 
difficulties, neologisms), language eloquence category (low, moderate, 
high) and histologically confirmed WHO CNS grade (1–4) on the 
likelihood of being operated awake compared to being operated 
asleep. Multicollinearity and linear relationship between logit 
transformation of dependent variable and continuous independent 
variables were checked in advance.

Stepwise backward variable selection based on the Akaike 
Information Criterion (AIC) (Akaike, 1973/1998) using the stepAIC 
function of the MASS package in R (Venables and Ripley, 2002) was 

FIGURE 2

Schematic overview of language eloquence classification. Classifying language eloquence levels into high (pink), moderate (blue), or low (gray) levels 
based on cortical, subcortical, and clinical characteristics (Ille et al., 2021). Exemplary illustration of respective subcortical language eloquent fibertracts 
created with deterministic tractography software package for neurosurgical applications (Brainlab AG, Munich, Germany). *AF, arcuate fasciculus; IFOF, 
inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; MLF, middle longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, 
uncinate fasciculus.
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applied to identify predictor variables. This method maintains a good 
model performance while reducing the number of predictor variables 
(Sanchez-Pinto et al., 2018).

Subsequently, a thorough descriptive and graphical analysis of 
significant predictor variables was performed. Moreover, to evaluate 
discriminative abilities of the continuous predictor variables, the 
respective area under the curve (AUC) and receiver operating 
characteristic (ROC) curves were compared (Robin et al., 2011). If 
applicable, Youden’s J statistic was employed to determine the optimal 
cut-off value (Youden, 1950).

3 Results

3.1 Patient and tumor characteristics

This study included 96 glioma patients with a mean age of 
57.8 ± 14.3 (range: 22–85) years who performed a preoperative video-
recorded standardized object naming between May 2018 and January 
2021. Of these, 54 were male (56.2%). Histopathology confirmed a 
glioma in all cases, 28 of which were tumor recurrences or progresses 
(29.2%). The largest proportion of patients presented with a WHO 
CNS grade 4 tumor (65.6%). 22.9% of patients had a confirmed 
WHO CNS grade 3, 9.4% a CNS grade 2 and 2.1% of patients a CNS 

grade 1 tumor. Tumor locations predominantly comprised the left 
hemisphere (93 cases, 96.9%). Three cases presented with a bilateral 
glioma. In these cases, however, the left hemispheric part was resected 
and consequently, only the left hemispheric tumor location 
considered for language eloquence definition. Four patients were left-
handed (4.4%), seven ambidextrous (7.7%) and 80 right-handed 
(87.9%). Overall, 25 patients received an awake surgery (26.0%) 
whereas 71 patients underwent asleep tumor resection (74.0%). 
Across all awake cases 80.0% and across all asleep cases 91.5% were 
high-grade gliomas (WHO CNS grade 3 and 4).

3.2 Language status and eloquence

Overall, 23 patients did not present with an aphasia prior to 
surgery, whilst 73 patients showed at least minimal aphasic symptoms 
based on the 80-item object naming task. Moreover, across surgery 
types, 12 cases had a low (13.8%), 41 a moderate (47.1%) and 34 a high 
language eloquence level (39.1%). Table 1 summarizes the absolute 
and relative frequencies for each aphasia severity level (0–5) and 
language eloquence level (0–9) as well as descriptive for each language 
error type across all patients (total) and for each surgery type.

Since frequently a cut-off value at a minimum of 25% of errors 
during baseline naming testing for non-eligibility of an awake 

TABLE 1 Overview of absolute and column-wise relative frequencies of aphasia severity and language eloquence levels per surgery type as well as the 
descriptives [mean  ±  standard deviation (range)] for each language error type.

Surgery type

Asleep (n  =  71) Awake (n  =  25) Total (n  =  96)

Aphasia severity 0 15 (21.1%) 8 (32.0%) 23 (24.0%)

1 15 (21.1%) 6 (24.0%) 21 (21.9%)

2 20 (28.2%) 4 (16.0%) 24 (25.0%)

3 13 (18.3%) 3 (12.0%) 16 (16.7%)

4 1 (1.4%) 4 (16.0%) 5 (5.2%)

5 7 (9.9%) 0 (0.0%) 7 (7.3%)

Language eloquence Missing 8 1 9

0 6 (9.5%) 2 (8.3%) 8 (9.2%)

1 0 (0.0%) 0 (0.0%) 0 (0.0%)

2 4 (6.3%) 0 (0.0%) 4 (4.6%)

3 15 (23.8%) 2 (8.3%) 17 (19.5%)

4 7 (11.1%) 0 (0.0%) 7 (8.0%)

5 13 (20.6%) 4 (16.7%) 17 (19.5%)

6 7 (11.1%) 5 (20.8%) 12 (13.8%)

7 2 (3.2%) 1 (4.2%) 3 (3.4%)

8 6 (9.5%) 9 (37.5%) 15 (17.2%)

9 3 (4.8%) 1 (4.2%) 4 (4.6%)

Language error type* AL 2.3 ± 4.1 (0–28) 1.5 ± 2.5 (0–8) 2.1 ± 3.7 (0–28)

P 4.2 ± 3.6 (0–19) 6.2 ± 7.1 (0–27) 4.7 ± 4.8 (0–27)

N 0.9 ± 2.6 (0–14) 1.1 ± 3.8 (0–18) 1.0 ± 2.9 (0–18)

S 0.1 ± 0.3 (0–2) 0.0 ± 0.2 (0–1) 0.1 ± 0.3 (0–2)

WF 15.2 ± 21.3 (0–80) 9.8 ± 14.1 (0–55) 13.8 ± 19.8 (0–80)

*AL, automated language elements; P, paraphasias; N, neologisms; S, suprasegmental errors; WF, word finding difficulties.
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language mapping is proposed (Hervey-Jumper and Berger, 2016), 
the language status and surgery type allocation were descriptively 
compared to this established cut-off value. Across surgery types 63 
patients would be considered eligible and 33 non-eligible according 
to the 25% rule of thumb. Of these 63 eligible patients, 98.4% had no, 
minimal or light aphasic symptoms while of the 33 non-eligible 
patients, 81.8% showed moderate, severe or extremely severe 
expressive aphasic symptoms during the naming task. According to 
this rule, 63.4% of asleep and 72.0% of awake surgery cases would 
have been considered eligible for an awake craniotomy. Moreover, 
57.1% of the awake surgery cases who would have been considered 
non-eligible according to the frequently used cut-off value, had a 
language eloquence level of at least 6. Thus, in these cases language 
eloquent tumor location may have supported the decision for an 
awake surgery.

Across all 25 awake surgeries, no difficulties due to poor 
intraoperative performance were reported, in 96% of these surgeries 
awake language testing was feasible. A single non-aphasic case was 
reported whose anesthesia did not wear off properly which limited the 
patient’s intraoperative performance capabilities already in the 
beginning of the awake language testing phase. Moreover, two cases 
showed increased pain levels during the course of the surgery. The 
pain medication impacted language production abilities in one of 
these cases while the awake testing needed to be stopped due to strong 
pain levels in the other case.

3.3 Binomial logistic regression

Multicollinearity analysis indicated a high correlation between the 
number of paraphasias and the number of neologisms. Since 
paraphasias are the more prevalent aphasic symptom and the aim of 

this study was to identify clinically relevant predictor variables, 
neologisms were not included in subsequent analysis.

Stepwise backward variable selection based on AIC indicated only 
three important predictor variables in the given model: number of 
paraphasias, language eloquence category, and age. The following 
variables did not add significant information to the model: sex, WHO 
CNS grade, automated language elements, and word finding 
difficulties. Since, moreover, only the contrast of high compared to 
moderate language eloquence was statistically significant, but not the 
contrast between high and low, the latter was dropped from the 
final model.

Thus, the final logistic regression model evaluated the effects of 
age, number of paraphasias and moderate compared to high language 
eloquence on the likelihood that a patient receives awake or 
asleep surgery.

The final logistic regression model was statistically significant 
[Χ2(3) = 26.1, p < 0.001]. The model explained 41.9% (Nagelkerke R2) 
of the variance in the type of surgery. Patients with a high language 
eloquence were 6.5 times more likely to be  operated awake than 
patients with a moderate language eloquence (OR = 6.5, 95%CI[1.9, 
26.2]). Increasing age was associated with a decreased likelihood 
(OR = 0.9, 95%CI[0.9, 1.0]), whilst a higher number of paraphasias 
was associated with an increased likelihood of receiving an awake 
surgery (OR = 1.2, 95%CI[1.0, 1.3]).

3.4 Analysis of important predictor 
variables

Firstly, the prevalence of language eloquence category per 
surgery type was compared (Figure 3). The absolute and relative 
frequencies of language eloquence level for each surgery type as well 

FIGURE 3

Comparison of number of patients presenting with a specific language eloquence level. Eloquence ranging from 0 to 9, colors indicating the language 
eloquence category (gray  =  low, blue  =  moderate, pink  =  high) per surgery type (asleep, awake).
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as across patients are summarized in Table  2. As the regression 
analysis indicated, a high language eloquence was associated with a 
higher likelihood of being operated awake. Consequently, our results 
suggest a language eloquence level of at least 6 for awake 
surgery indication.

Secondly, the discrimination ability of age for awake compared to 
asleep surgery was assessed. In the ROC curve (Figure 4), the true 
positive (sensitivity) in relation to the false positive rate (1-specificity) 
are plotted for the ability of age to predict type of surgery with an AUC 
of 0.7. Youden’s J statistic identified an optimal cut-off value of 
54.5 years. Still, nine patients of the awake surgery group were at least 
58, the oldest patient of the awake group was 75 years old.

Thirdly, the discrimination ability of number of paraphasias for 
awake compared to asleep surgery was ascertained. As indicated by 
the ROC (Figure 4) and an AUC of 0.6, this variable alone is not a 
suitable predictor variable for differentiating between awake and 
asleep surgeries. Thus, no optimal cut-off was defined for this variable.

Finally, language eloquence categories per surgery type were 
evaluated for two separate patient groups defined by the optimal age 
cut-off value: higher age group (≥55 years) and lower age group (≤ 
54 years). The results are summarized in Table 3. Overall, 77.8% of 
asleep surgery cases were in the higher age group while 66.7% of 

awake surgery cases were in the lower age group. Across surgery types, 
65.5% of patients were in the higher age group.

4 Discussion

Awake surgeries remain the standard of care to enhance quality of 
life and general prognosis in the neurooncological treatment of 
patients with low-and high-grade language eloquent gliomas 
(Mandonnet et al., 2010; De Witt Hamer et al., 2012). Whilst this 
assumption is widely accepted, no consensus and standardized 
recommendations exist for determining which patient is suitable for 
an awake craniotomy. Rather, this decision is highly subjective and can 
vary considerably depending on the neurosurgical center. For this 
reason, this study aimed to identify objective suitable factors for 
patient selection. Stepwise backward selection based on Akaike 
Information Criterion confirmed that a higher number of paraphasias, 
a lower age, and a high level of language eloquence were suitable 
indicators for an awake surgery in our glioma cohort. Subsequent 
descriptive and ROC-analyses indicated a cut-off value of ≤54 years 
and a language eloquence level of at least 6 for awake surgeries, which 
require further validation. The present results may add valuable 
insights into which factors should be considered and may act as a basis 
for subsequent large-scale, multicentric trials.

4.1 Preoperative aphasia and importance of 
particular naming error types

DES-based language mapping establishes a causal link between 
the directly stimulated cortical site and language function. In order to 
localize cortical language sites, patients need to have sufficient 
language skills to perform these tasks. The present results indicate that 

TABLE 2 Overview of absolute and relative frequencies of language 
eloquence categories per surgery type.

Language 
eloquence 
category

Surgery type

Asleep 
(n  =  63)

Awake 
(n  =  24)

Total 
(n  =  87)

Low 10 (15.9%) 2 (8.3%) 12 (13.8%)

Moderate 35 (55.6%) 6 (25.0%) 41 (47.1%)

High 18 (28.6%) 16 (66.7%) 34 (39.1%)

FIGURE 4

ROC curves for age (purple) and paraphasias (green). ROC plots illustrating the true positive rate (sensitivity) plotted against the false positive rate 
(1-specificity) with Youden index for age (sensitivity, specificity).
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even patients with moderate or severe language deficits, who would 
be  excluded according to established cut-off criteria such as the 
maximum of 25% of errors to be considered eligible for an awake 
procedure (Hervey-Jumper and Berger, 2016), could undergo 
DES-based language mappings even if the number of items included 
for baseline naming was limited. All awake language testing was 
reported to be feasible, no early termination due to a patient’s language 
capabilities was necessary.

The results of the multinomial logistic regression analysis 
indicate that the number of paraphasias was the only significant 
predictor variable of the analyzed language error types. Patients 
with a higher number of paraphasias were more likely to be operated 
awake than asleep. These word substitutions semantically related to 
the target item or phonological errors frequently manifest in 
aphasic patients during naming tasks as implemented in this study 
(Meier et al., 2020). The presence of aphasic symptoms reflects the 
clinical language eloquence a patient has. The higher pronounced 
the aphasic deficit the more likely a tumor is language eloquent 
which would provide an indication for an awake surgery. This 
additionally reflects the importance of including a clinical language 
component into a language eloquence grading as proposed by Ille 
et al. (2021).

Still, within the present cohort, no clear cut-off value could 
be defined and the overall predictability of paraphasias alone was low 
as indicated by the ROC curve (Figure 4). Thus, a specific range rather 
than one cut-off value may be indicative of awake surgeries. Whilst a 
certain number of aphasic symptoms increases the suitability of a 
patient as clinical symptoms indicate a clinical language eloquence, a 
too high number preventing an adequate intraoperative performance 
on language tasks would decrease the suitability of patient. This would 
extend previous suggestions of one definite cut-off value for 
contraindicating DES-based language mapping (Picht et al., 2006; 
Hervey-Jumper and Berger, 2016). At the same time, this would 
explain why paraphasias, as opposed to word finding difficulties, were 
a predictive error type. They former occurred with a range of 0 to 27 
errors out of 80 named objects within the awake group while word 
finding difficulties manifested a lot more frequently with a range of 
0–55 in the awake and 0–80 in the asleep group. Accordingly, language 
skills and preexisting aphasia provide valuable information about the 
suitability of a patient to be operated awake. Thus, defining adequate 
standardized cut-off minimum and maximum values in subsequent 
prospective studies which assess pre-and intraoperative language 
performance systematically would be highly valuable.

4.2 Differentiation ability of standardized 
language eloquence classification

The complexity of the cortical and subcortical language network 
and the heterogeneity of methodologies and techniques used to 
identify eloquence, complicate the exact definition and comparison of 
language eloquence across patients and studies. To allow for a direct 
and systematic comparison of language eloquence, we  utilized a 
standardized language eloquence grading assigning a high, moderate 
and low language eloquence level to each patient (Ille et al., 2021). As 
expected, our results confirmed that a high language eloquence 
increased the likelihood of an awake surgery compared to moderate 
eloquence. Whilst the largest proportion of awake surgery cases had a 
high language eloquence (66.7%), only 28.6% of the asleep surgery 
cases presented with a high eloquence. This is in line with findings of 
Ille et al. (2021) who reported that most patients who had an awake 
craniotomy also had a high language eloquence. Moreover, around 
half of the asleep (55.6%) and a quarter of awake surgery cases (25.0%) 
had a moderate language eloquence level. Simultaneously, only two 
patients of the awake and ten of the asleep surgery group presented 
with a low language eloquence. These limited patient numbers with 
low eloquence may explain why differentiating between low and high 
eloquence could not predict the type of surgery.

Overall, this systematic and standardized classification enabled to 
directly compare language eloquence based on the integration of 
structural imaging and functional preoperative status. Preoperative 
functional mapping is frequently performed prior to an awake surgery. 
Still, neuroimaging or stimulation paradigms differ considerably 
(Agarwal et al., 2019; Haddad et al., 2021; Ille and Krieg, 2021) and yet 
no consensus about the suitability of one method over the other exists. 
This restricts the broad applicability of one of these methods across 
multiple centers. Moreover, some even suggest not to base the decision 
for or against an awake surgery on functional imaging (Hervey-
Jumper et  al., 2015; Gogos et  al., 2020). Thus, this standardized 
classification may offer an easily employable alternative for 
preoperative assessment of language eloquence. Overall, this 
eloquence grading may provide valuable information about the 
indication for an awake surgery as supported by the present 
study’s results.

4.3 Implications of age for awake surgeries

Multiple studies report the necessity to advance and evaluate 
treatment approaches for the elderly patient cohort (Braun and 
Ahluwalia, 2017; Yuen et al., 2022). It remains unclear whether awake 
surgery is feasible in higher aged patients. For instance, a recent meta-
analysis comprising 134 patients reported a mean pooled age of only 
46.9 years (Zhang et al., 2020). Some even suggest that an age of above 
65 years would be a strict contraindication for an awake craniotomy 
(Bertani et al., 2009). At the same time, Hervey-Jumper et al. (2015) 
conducted awake surgeries in patients up to an age of 84 years.

Since particularly high-grade tumors are more prevalent in elderly 
patients (Ostrom et al., 2022) and these more aggressive tumor entities 
are known to elicit worse functional deficits, the entity rather than the 
age may frequently impact the decision for or against an awake 
procedure. Still, across both surgery types, the largest proportion of 
patients presented with high-grade gliomas. As the multicollinearity 

TABLE 3 Overview of absolute and column-wise relative frequencies of 
language eloquence categories (low, moderate, high) per surgery type 
(asleep, awake, total) for each age group (high, low) separately.

Age 
group

Language 
eloquence 
category

Surgery type

Asleep 
(n  =  63)

Awake 
(n  =  24)

Total 
(n  =  87)

High (≥ 

55 years)

Low 9 (18.4%) 0 (0.0%) 9 (15.8%)

Moderate 26 (53.1%) 3 (37.5%) 29 (50.9%)

High 14 (28.6%) 5 (62.5%) 19 (33.3%)

Low (≤ 

54 years)

Low 1 (7.1%) 2 (12.5%) 3 (10.0%)

Moderate 9 (64.3%) 3 (18.8%) 12 (40.0%)

High 4 (28.6%) 11 (68.8%) 15 (50.0%)
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analysis did not indicate a strong correlation between tumor entity 
and age, and, moreover, tumor entity was not a predictor for the type 
of surgery, age rather than the entity itself seemed to be indicative of 
the type of surgery.

Whilst the present study did not aim for setting a specific cut-off 
value widely applicable, our results suggest a cut-off value of 54 years 
or younger as suitable for awake surgeries in our patient cohort. 
Across surgery types a higher proportion of patients were aged 55 or 
above. At the same time, a higher number of awake surgery patients 
was in the lower age group whilst most of the asleep surgery cases 
were in the higher age group. Nevertheless, nine of the awake surgery 
cases were between 58 and 75 years. Across these nine patients, awake 
testing was feasible, no early termination of the awake testing phase 
reported. However, across all cases the younger patients were, the 
more likely they had an awake craniotomy. Still, for the present 
analysis, we did not evaluate the postoperative outcome nor how well 
patients could perform during the awake phase. Grossman et  al. 
(2013) showed that even in elderly patients (>65 years) awake mapping 
was feasible and lead to similar outcomes as in a younger cohort. 
Consequently, it would be highly valuable to consider the impact of 
age on these factors and assess how well older patients can tolerate 
awake surgeries in subsequent prospective, large-scale studies. 
Simultaneously, these studies could systematically ascertain whether 
any other age-related comorbidities may impact the decision of awake 
surgery indication and the feasibility or performance capabilities of 
patients, and consequently, need to be considered within a widely 
applicable grading tool.

4.4 Limitations and perspectives

Since no video-recordings of the intraoperative awake procedure 
were available for this post-hoc analysis, the present results do not 
consider how well patients performed naming tasks nor the naming 
accuracy intraoperatively. Systematically evaluating the intraoperative 
language performance may allow for a more detailed assessment of the 
predictive ability of preoperative language skills, error types, and 
aphasia severity. Still, awake testing was feasible in 96% of the 25 cases 
selected, only a single patient could not be tested adequately during 
DES-based language mapping as his anesthesia did not wear off 
properly. Moreover, no complications apart from two cases with 
increased pain levels or decreased language performance due to pain 
medication during the course of the language testing were reported. 
Thus, the patients’ language capabilities seemed to be adequate for the 
planned procedure. At the same time, prospective studies are 
warranted to thoroughly and systematically document and evaluate 
the patient’s intraoperative performance and naming accuracy. By 
systematically comparing pre-and intraoperative performance, the 
impact of preexisting aphasic deficits on naming accuracy and overall 
performance during awake surgery can be assessed thoroughly.

Additionally, due to the post-hoc nature of the present study, the 
evaluation of preoperative language abilities could only be based on 
the standardized object naming task which only allows the 
stratification on the basis of the patients’ object naming abilities. 
Language is a highly complex and dynamic function (Duffau, 2016; 
Friederici, 2017). Since language deficits can affect a multitude of 
linguistic processes and modalities, diagnostical tools cover a 
multitude of different linguistic functions across linguistic modalities 

to assess this complexity (Huber et al., 1983; Kertesz, 2007). Moreover, 
next to language, ample cognitive abilities contribute to maintaining 
the patients’ quality of life. Therefore, more and more test paradigms 
are introduced which, for instance, allow mapping of visuo-spatial, 
emotional, or executive abilities as well as memory or calculation 
(Ruis, 2018; Lemaitre et al., 2022). What is even more, due to the 
interaction between cognitive and language networks particularly in 
context of neural adaption processes (Brownsett et  al., 2014; 
Hartwigsen and Volz, 2021), preservation of cognitive networks may 
support the compensation of language network disruptions and 
associated impairments. Thus, subsequent prospective and large-scale 
studies may benefit from thorough preoperative neuropsychologic 
and language testing next to the object naming task to provide a more 
complete picture of the preserved and impaired language abilities. 
Still, this standardized naming task was selected since object naming 
is one of the most prevalent intraoperative task applied during 
DES-based surgeries (Martin-Monzon et al., 2022). Hence, to assess 
whether language abilities are sufficient, evaluating the patient’s 
preoperative performance in this task may be even more relevant than 
the performance in classic language or neuropsychological 
diagnostical tools if the results are used to inform a widely applicable 
systematic grading. Moreover, all analyses were based on patients 
treated within one neurosurgical center. Consequently, large-scale, 
multicenter trials should be  performed to ascertain whether the 
identified factors are valid, objective, and reproducible predictors 
across neurosurgical departments. Additionally, due to the limited 
sample size particularly in the awake cohort, it was statistically not 
feasible to split off part of the data set for validation of its general 
applicability. For the same reason, no machine learning approaches 
such as classification trees were implemented. Subsequent studies with 
larger sample sizes may implement such classification and 
validation approaches.

Preoperative functional imaging and modulation methods are 
frequently utilized to guide surgical planning and resection and have 
shown to be highly valuable for preserving language function (Ille 
et  al., 2016; Castellano et  al., 2017; Haddad et  al., 2021). Whilst 
functional data could provide critical insight into the necessity of an 
awake language mapping, the heterogeneity of methodologies, testing 
designs, and techniques employed makes it challenging to build a 
widely applicable grading for awake surgeries. Still, a systematic and 
standardized grading based on preoperative language abilities and 
language eloquence as well as more general factors such as age could 
be used in addition to functional imaging across centers, adding a 
more objective perspective into the decision process.

5 Conclusion

Selecting suitable candidates for awake craniotomies remains 
challenging. Thus far, no standardized, objective classification system 
supports this decision process. A high language eloquence, lower age, 
and preexisting semantic as well as phonological aphasic symptoms 
have shown to be  suitable predictors of the standard of care in 
language eloquent glioma patients. Consequently, the combination of 
these factors may act as a basis for developing a systematic and 
standardized grading for patients’ suitability for an awake craniotomy 
which is easily integrable into the preoperative workflow across 
neurosurgical centers.
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