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Brain HealtH

Improving brain health by identifying  
structure-function relations in patients with 
neurosurgical disorders
Use of new technology to map which parts of the brain control different functions is leading to 
better treatment of patients with neurosurgical disorders, say Liwei Zhang and colleagues

Brain diseases amenable for neu-
rosurgery comprise a group of 
conditions that are caused by 
damage to identifiable brain 
structures. These diseases 

threaten long term brain health and cause a 
large burden on both individuals and socie-
ties. Tumours originating in the brain, for 
example, are the most common fatal can-
cers in children as well as the third most 
commonly occurring cancers in adolescents 
and young adults (15-39 years old).1 Epi-
lepsy is another common neurological dis-
order that is often caused by specific brain 
structural abnormalities. Around 10 mil-
lion patients are thought to have epilepsy 
amenable to surgery, with 1.4 million new 
cases globally each year.2

Neurosurgery can repair structural 
problems in the brain that cause 
dysfunction but may itself affect brain 
function. A substantial proportion of 
patients with neurosurgical disorders 
have some functional impairment. Patients 
with glioma may experience postoperative 

impairment of language, emotional, 
and psychological processing when the 
tumours are located in areas controlling 
those functions (eloquent areas), and 
roughly 46% of long term survivors 
have a cognitive impairment, especially 
in memory and executive function.3 
Psychiatric or neuropsychological testing 
would probably show that the current data 
under-report the extent of impairment 
caused by neurosurgical disorders.

These neurological  defici ts  are 
challenging because many patients will 
live for decades and require supportive 
care, particularly since young patients 
are disproportionately affected by 
neurosurgical disorders. For malignant 
brain cancers, the global disability 
adjusted life years (DALYs) were estima-
ted at 7.7 million in 2016, roughly 34 
times the number of deaths, which was 
227 000.4 Greater use of advanced imaging 
technology offers the potential to reduce 
the harms arising from surgery.

Multidisciplinary approach to protect and 
restore brain function
Maintaining brain function is vital for qual-
ity of life, but in practice, insufficient atten-
tion is paid to protecting brain functions 
when developing plans for neurosurgical 
intervention. Neurosurgical disorders are 
complex, and interdisciplinary collabora-
tion is advocated when treating patients. 
For example, the UK National Institute 
for Health and Care Excellence suggests 
referring patients with brain tumour for 
neurological rehabilitation assessment, 
including physical, cognitive, and emo-
tional function after diagnosis and at each 
follow-up.5

A typical multidisciplinary team 
includes neurosurgeons, neurologists, 
neuroradiologists, neuropathologists, 
intraoperative neurophysiological 
monitoring professionals, anaesthesio-
logists, neuropsychologists, psychiatrists, 
and therapists. A well functioning 

multidisciplinary team can provide 
neurosurgeons with proper techniques to 
assess brain function and its implications 
for long term brain health.6

Effective strategies to protect and 
restore brain function depend on a 
more fundamental understanding of the 
relation between brain structures and 
their various functions, as well as advanced 
neurosurgical and imaging techniques. 
Advanced multimodality techniques, such 
as navigation, awake craniotomy, and 
intraoperative cortical stimulation mapping 
have decreased the rate of postoperative 
neurological deficits in patients with 
gliomas (box 1).7 8 According to a meta-
analysis of 90 studies, cortical stimulation 
mapping decreased the rate of late severe 
neurological deficits from 8.2% to 3.4% 
while also enabling a more extensive 
resection in glioma patients with tumours 
in eloquent areas.9

Other non-invasive imaging techniques—
for example, functional magnetic 
resonance imaging (fMRI) and diffusion 
tensor imaging—enhance the detection 
of eloquent areas. These techniques 
have shown that vital functions are often 
distributed across the brain, with many 
eloquent areas identified outside the brain 
structures suggested by historical brain 
atlases. Improved identification has also 
facilitated serial monitoring.7 Invasive and 
non-invasive techniques have converged to 
propel neurosurgery into the modern era 
of precision medicine, to further improve 
patients’ brain health.

Multidisciplinary teams have the 
strength of overcoming the intrinsic 
limitations of professionals from a single 
discipline. For example, neurosurgeons 
often use preoperative fMRI to guide 
surgery. However, fMRI has a sensitivity 
of 44% and specificity of 80% and cannot 
be a substitute for cortical stimulation 
mapping in patients having awake 
brain surgery, which requires input 
from intraoperative neurophysiological 

Key Messages

•   The incidence of long term brain 
functional impairment due to dam-
age during surgery for neurological 
disorders is underestimated

•   Such damage can cause significant 
societal burdens, especially because 
of the high incidence in younger 
patients, who require supportive care 
over their lifespan

•   Use of intraoperative imaging can 
reduce the risk of damage and 
improve understanding of the struc-
ture-function relation in the human 
brain

•   International multidisciplinary 
research is needed to provide a more 
accurate brain atlas and high quality 
evidence on methods to protect brain 
function
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monitoring professionals. 10 In one study 
of patients with gliomas in areas that 
were assumed to be unresectable based 
on functional imaging, most were able 
to have maximal safe resection guided 
by cortical stimulation mapping without 
experiencing any functional deficits.11 
This shows how multidisciplinary working 
can help minimise the probability of brain 
functional damage and maximise life 
expectancy.

Novel insights into brain function from 
neurosurgical patients
Although neurosurgical procedures have 
traditionally focused on targeting specific 
abnormal brain structures, new knowl-
edge about the pathophysiology of brain 
changes has been achieved by examining 
the effects of surgery on patients. For exam-
ple, study of patients with brain tumours 
has discovered more refined structural 
areas related to language, emotional, and 
psychological processing.

Novel insights into the functional 
distribution of critical brain structures, 
especially language, have been attained 
from patients who received cortical 
stimulation mapping during awake 
neurosurgery. This process requires a 
multidisciplinary team, including the 
neurosurgeon operating the handheld 
brain probe, the anaesthetist keeping 
patients awake but pain free, and the 
intraoperative neurophysiological 
monitoring expert assessing language 
function.

The first bilateral map of human 
language function in both hemispheres 
was built from 165 patients having awake 
mapping for resection of low grade glioma. 
Interestingly, speech arrest was localised 
to the ventral premotor cortex, not the 
classic Broca’s area (inferior frontal gyrus), 
and the right hemisphere was also found 

to have a role in language processing.12 
Some bilingual patients with brain 
tumours experience language disturbance 
or bilingual switching preoperatively or 
postoperatively. The structural locations 
of name switching were found across the 
left middle frontal gyrus by using cortical 
stimulation mapping to identify language 
function in awake brain surgery.13 These 
important findings broaden our anatomical 
based understanding of Broca’s area. 
Insights obtained from these procedures 
not only extend our conceptualisation of 
the traditional Brodmann area maps but 
also reduce damage to patients’ language 
function.

The psychological changes in some 
neurosurgical patients could provide 
evidence to update our understanding 
from preclinical studies. For example, 
neurosurgeons and psychologists 
collaborated to find that patients with focal 
anterior insular cortex lesions displayed 
decreased empathetic responses to others’ 
pain. By thoroughly assessing the change in 
patients with insular gliomas, they clarified 
this psychiatric processing was localised in 
the anterior insular cortex rather than the 
anterior cingulate cortices, as suggested by 
neuroimaging.14

Treatment of other neurosurgical 
disorders also provides an opportunity 
to better understand brain function. For 
example, brain mapping and intraoperative 
stereoelectroencephalography at the 
cortical-subcortical level is used to detect 
the areas responsible for epileptogenesis, 
and this technique can also be used to 
reveal brain functions that need to be 
preserved. For patients with Parkinson’s 
disease, precise stimulation of nuclei 
through deep brain stimulation has been 
shown to substantially improve motor 
control and quality of life,15 leading to a 
new area of research in neuromodulation. 

With ethical approval, neurosurgeons 
working in collaboration with other 
disciplines to study brain function could 
provide important advances for brain 
health.

Challenges in brain health
Brain scientists confront many challenges 
in research and the clinic. A new brain atlas 
of advanced human brain functions would 
meet the demands of clinical and scien-
tific communities and could be achieved 
through multidisciplinary research. The 
historical atlases of brain functions are 
based on non-human models that do not 
accurately predict the long term effects of 
neurosurgical disorders on human brain 
function. The functions of animal brains 
are different from those of humans, espe-
cially for functions unique to humans such 
as advanced cognition and language.16

Although current multimodality imaging 
and intraoperative techniques benefit 
neurosurgical patients by preserving their 
brain functions, the level of evidence 
supporting their routine use is not 
high, mostly at level III. A shortage of 
multidisciplinary teams, brain disease 
heterogeneity, and insufficient numbers 
of patients eligible for large clinical trials 
at a single institution have hindered high 
quality studies. In addition, because of 
the limited resources for brain protection 
techniques and an insufficient number 
of experts in underdeveloped regions, 
some neurosurgical skills and research 
approaches have not been widely 
implemented. International collaboration 
is therefore essential to overcome these 
challenges.

Preserving additional brain function 
in neurosurgical patients while also 
prolonging life expectancy is often a 
difficult balance because of the robust 
evidence that more extensive resection 
of the tumour and aggressive treatment 
correlates with better survival for patients 
with gliomas. 17 Despite emerging 
knowledge of the relation between tumour 
location and the corresponding brain 
functions, evidence suggests that these 
relations, and their long term implications, 
may still be underappreciated. The high 
incidence of postoperative cognitive decline 
in patients with low grade glioma could 
be explained by some functional activity 
remaining within the tumour mass.18 Focal 
brain tumours produce global changes in 
the functionally complex and networked 
brain architecture, which may aid in our 
understanding of patients’ larger scale 

Box 1: Common intraoperative neurosurgical techniques
Intraoperative neurophysiological monitoring refers to a group of procedures used to monitor 
neural pathways during high risk operations to help surgeons avoid damage to the nervous 
system. It includes techniques to identify impending damage and techniques to map the vital 
structures of the nervous system
Awake brain surgery (awake craniotomy) is a neurosurgical technique that allows a surgeon 
to remove the tumour or epileptic tissue while the patient is awake to avoid brain damage. 
Two technical variations, awake-asleep-awake and monitored anaesthetic care (conscious 
sedation) can be used depending on whether the patient needs to be awake only for cortical 
mapping or for the entire surgery
Cortical stimulation mapping is a type of electrocorticography that involves a physically 
invasive procedure and aims to identify the function of specific brain regions (usually motor, 
language, and somatosensory mapping) through direct electrical stimulation of the cerebral 
cortex. It can be used on anaesthetised or awake patients with brain tumours or epilepsy
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neurological manifestations and provide 
a framework for improving plasticity.19 Of 
note, recent reports have linked neuronal 
excitability with growth of gliomas and 
brain metastases.20 21 These and other 
findings highlight the need for a deeper 
understanding and clearer visualisation 
of the relations between abnormal brain 
structures, lesions, and functions from 
the neurosurgical perspective, which can 
create new insights in brain health.

Further multidisciplinary research 
will create an understanding of the 
pathophysiology of brain function 
impairments as well as brain plasticity. This 
will enable greater therapeutic targeting 
while maintaining function to achieve 
optimal brain health.

Future directions
Neurosurgical disorders directly damage 
specific brain structures and lead to large 
individual and societal burdens in the long 
term. Research that focuses on the patient’s 
brain functions during and after surgery 
should be prioritised to reduce these bur-
dens. This represents a major opportunity 
for neurosurgery to collaborate with other 
disciplines to advance our knowledge of 
brain health.

Establishing a multidisciplinary research 
alliance, using multimodality technologies, 
and studying more long term functional 
changes in neurosurgical patients, will 
improve our understanding of brain 
functional localisation and mechanisms of 
damage in brain disorders. By taking part 
in research approved by ethics committees, 
neurosurgical patients can help provide 
unique insight into brain function and 
health that could in turn benefit the 
broader clinical, scientific, and patient 
communities.

International, large, and diverse 
prospective trials are also needed to 
assess changes in patients’ brain function 
attributed to damaged structures in 
neurosurgical disorders. Initially, the 
reproducibility and generalisability 
of brain function observed in patient 
case series could be validated in a large 
global population. Such evidence based 
understanding of brain function and 
protection techniques could then be used 
to tailor treatments for a variety of brain 
disorders.

Contributors and sources: LZ is a professor in 
neurosurgery department, vice chair of Beijing Tiantan 
Hospital, and the director of National Brain Tumour 
Registry of China (NBTRC). DL is a neuro-oncology 

neurosurgeon, vice chair of skull-base brain tumour 
ward, and secretary of international translational 
centre of multimodal imaging translation for brain 
tumour. DX is a senior epidemiologist and director of 
statistics and epidemiology in NBTRC, China National 
Clinical Research Center for Neurological Disease 
(NCRC-ND). WTC is a professor in the neurosurgery 
department, University of Utah in the US; KO is a 
professor in Osaka City University in Japan and the 
president of International Meningioma Society. LZ was 
responsible for the generation of these opinions, the 
whole design and analysis. LZ, DL, and DX drafted and 
revised the manuscript. WTC and KO contributed the 
analysis and revised the manuscript.
We thank Chirag Patel and Weiyu Chen for help in 
proofreading this analysis.

Competing interests: We have read and understood 
BMJ policy on declaration of interests and declare 
that this study was supported by the grant from 
the National Natural Science Foundation of China 
(81971668) and Beijing Medical Research (2018-7).

Provenance and peer review: Commissioned; 
externally peer reviewed.
This article is part of a series launched at the Chinese 
Stroke Association annual conference on 10 October 
2020, Beijing, China. Open access fees were funded 
by the National Science and Technology Major Project. 
The BMJ peer reviewed, edited, and made the decision 
to publish these articles.
Liwei Zhang, professor1,2,3,4

Deling Li, associate professor1,2,3,4

Dan Xiao, associate professor1,2

William T Couldwell, professor5

Kenji Ohata, professor6

1Neurosurgery Department, Beijing Tiantan Hospital, 
Capital Medical University, Fengtai District, Beijing, 
China
2China National Clinical Research Center for 
Neurological Diseases, Beijing, Fengtai District, 
Beijing, China
3Beijing Key Laboratory of Brain Tumor, Fengtai 
District, Beijing, China
4International Translational Molecular Imaging Center 
for Brain Tumor, Fengtai District, Beijing, China
5Neurosurgery Department, Clinical Neurosciences 
Center, University of Utah, Salt Lake City, Utah, USA
6Neurosurgery Department, Osaka City University, 
Osaka, Japan
Correspondence to: L Zhang  
zhangliweittyy@163.com

This is an Open Access article distributed in 
accordance with the Creative Commons Attribution 
Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build 
upon this work non-commercially, and license 
their derivative works on different terms, provided 
the original work is properly cited and the use is 
non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/.

1  Kruchko C, Ostrom QT, Gittleman H, Barnholtz-
Sloan JS. The CBTRUS story: providing accurate 
population-based statistics on brain and other 
central nervous system tumors for everyone. Neuro 

Oncol 2018;20:295-8. doi:10.1093/neuonc/
noy006 

2  Vaughan KA, Lopez Ramos C, Buch VP, et al. 
An estimation of global volume of surgically 
treatable epilepsy based on a systematic 
review and meta-analysis of epilepsy. J 
Neurosurg 2018:1-15. [Epub ahead of print.] 
doi:10.3171/2018.3.JNS171722 

3  Cayuela N, Jaramillo-Jiménez E, Càmara E, et al. 
Cognitive and brain structural changes in long-
term oligodendroglial tumor survivors. Neuro 
Oncol 2019;21:1470-9. doi:10.1093/neuonc/
noz130 

4  GBD 2016 Brain and Other CNS Cancer 
Collaborators. Global, regional, and national burden 
of brain and other CNS cancer, 1990-2016: a 
systematic analysis for the Global Burden of Disease 
Study 2016. Lancet Neurol 2019;18:376-93. 
doi:10.1016/S1474-4422(18)30468-X 

5  Bates A, Gonzalez-Viana E, Cruickshank G, Roques 
T. Primary and metastatic brain tumours in adults: 
summary of NICE guidance. BMJ 2018;362:k3680. 
doi:10.1136/bmj.k2924

6  Kelm A, Sollmann N, Ille S, Meyer B, Ringel F, 
Krieg SM. Resection of gliomas with and without 
neuropsychological support during awake 
craniotomy-effects on surgery and clinical 
outcome. Front Oncol 2017;7:176. doi:10.3389/
fonc.2017.00176 

7  Puglisi G, Sciortino T, Rossi M, et al. Preserving 
executive functions in nondominant frontal 
lobe glioma surgery: an intraoperative 
tool. J Neurosurg 2018;131:474-80. 
doi:10.3171/2018.4.JNS18393 

8  Hendriks EJ, Habets EJJ, Taphoorn MJB, et al. 
Linking late cognitive outcome with glioma 
surgery location using resection cavity maps. Hum 
Brain Mapp 2018;39:2064-74. doi:10.1002/
hbm.23986 

9  De Witt Hamer PC, Robles SG, Zwinderman AH, Duffau 
H, Berger MS. Impact of intraoperative stimulation 
brain mapping on glioma surgery outcome: a 
meta-analysis. J Clin Oncol 2012;30:2559-65. 
doi:10.1200/JCO.2011.38.4818 

10  Weng HH, Noll KR, Johnson JM, et al. Accuracy of 
presurgical functional mr imaging for language 
mapping of brain tumors: a systematic review 
and meta-analysis. Radiology 2018;286:512-23. 
doi:10.1148/radiol.2017162971 

11  Southwell DG, Birk HS, Han SJ, Li J, Sall JW, Berger 
MS. Resection of gliomas deemed inoperable 
by neurosurgeons based on preoperative 
imaging studies. J Neurosurg 2018;129:567-75. 
doi:10.3171/2017.5.JNS17166 

12  Tate MC, Herbet G, Moritz-Gasser S, Tate JE, Duffau 
H. Probabilistic map of critical functional regions of 
the human cerebral cortex: Broca’s area revisited. 
Brain 2014;137:2773-82. doi:10.1093/brain/
awu168 

13  Sierpowska J, Fernandez-Coello A, Gomez-Andres 
A, et al. Involvement of the middle frontal gyrus 
in language switching as revealed by electrical 
stimulation mapping and functional magnetic 
resonance imaging in bilingual brain tumor 
patients. Cortex 2018;99:78-92. doi:10.1016/j.
cortex.2017.10.017 

14  Gu X, Gao Z, Wang X, et al. Anterior insular cortex 
is necessary for empathetic pain perception. 
Brain 2012;135:2726-35. doi:10.1093/brain/
aws199 

15  Limousin P, Foltynie T. Long-term outcomes of deep 
brain stimulation in Parkinson disease. Nat Rev 
Neurol 2019;15:234-42. doi:10.1038/s41582-
019-0145-9

16  Barrett RLC, Dawson M, Dyrby TB, et al. differences 
in frontal network anatomy across primate species. 
J Neurosci 2020;40:2094-107. doi:10.1523/
JNEUROSCI.1650-18.2019 

 on 18 A
pril 2024 by guest. P

rotected by copyright.
http://w

w
w

.bm
j.com

/
B

M
J: first published as 10.1136/bm

j.m
3690 on 9 O

ctober 2020. D
ow

nloaded from
 

about:blank
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1136/bmj.m3690&domain=pdf&date_stamp=2020-09-30
http://www.bmj.com/


Brain HealtH

4 doi: 10.1136/bmj.m3690 | BMJ 2020;371:m3690 | the bmj

17  Smith JS, Chang EF, Lamborn KR, et al. Role of extent 
of resection in the long-term outcome of low-grade 
hemispheric gliomas. J Clin Oncol 2008;26:1338-45. 
doi:10.1200/JCO.2007.13.9337 

18  Li Q, Dong JW, Del Ferraro G, et al. Functional 
translocation of broca’s area in a low-grade left frontal 
glioma: graph theory reveals the novel, adaptive 
network connectivity. Front Neurol 2019;10:702. 
doi:10.3389/fneur.2019.00702 

19  Hart MG, Romero-Garcia R, Price SJ, Suckling J. Global 
effects of focal brain tumors on functional complexity 
and network robustness: a prospective cohort study. 
Neurosurgery 2019;84:1201-13. doi:10.1093/
neuros/nyy378 

20  Venkatesh HS, Morishita W, Geraghty AC, et al. 
Electrical and synaptic integration of glioma 
into neural circuits. Nature 2019;573:539-45. 
doi:10.1038/s41586-019-1563-y 

21  Zeng Q, Michael IP, Zhang P, et al. Synaptic proximity 
enables NMDAR signalling to promote brain 
metastasis. Nature 2019;573:526-31. doi:10.1038/
s41586-019-1576-6

Cite this as: BMJ 2020;371:m3690
http://dx.doi.org/10.1136/bmj.m3690

 on 18 A
pril 2024 by guest. P

rotected by copyright.
http://w

w
w

.bm
j.com

/
B

M
J: first published as 10.1136/bm

j.m
3690 on 9 O

ctober 2020. D
ow

nloaded from
 

http://www.bmj.com/

