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ABSTRACT
Raman spectroscopy could be applied to distinguish tumor from normal tissues. 

This meta-analysis was conducted to assess the accuracy of Raman spectroscopy 
in differentiating brain tumor from normal brain tissue. PubMed and Embase were 
searched to identify suitable studies prior to Jan 1st, 2016. We estimated the pooled 
sensitivity, specificity, positive and negative likelihood ratios (LR), diagnostic odds 
ratio (DOR), and constructed summary receiver operating characteristics (SROC) 
curves to identity the accuracy of Raman spectroscopy in differentiating brain tumor 
from normal brain tissue. A total of six studies with 1951 spectra were included. For 
glioma, the pooled sensitivity and specificity of Raman spectroscopy were 0.96 (95% 
CI 0.94-0.97) and 0.99 (95% CI 0.98-0.99), respectively. The area under the curve 
(AUC) was 0.9831. For meningioma, the pooled sensitivity and specificity were 0.98 
(95% CI 0.94-1.00) and 1.00 (95% CI 0.98-1.00), respectively. The AUC was 0.9955. 
This meta-analysis suggested that Raman spectroscopy could be an effective and 
accurate tool for differentiating glioma and meningioma from normal brain tissue, 
which would help us both avoid removal of normal tissue and minimize the volume 
of residual tumor.

INTRODUCTION

The incidence rate and mortality rate of nervous 
system tumor both rose from 2002 to 2012, according 
to the latest global cancer statistics [1, 2]. And the 
incidence rate and mortality rate are higher in more 
developed areas than in less developed areas, both among 
males and females [1, 2]. The complete removal of the 
tumor if possible is the optimal treatment [3]. As to the 
tumor in the brain, however, the tumor may recur after 
surgery especially with high World Health Organization 
(WHO) grade [4, 5]. The predictive factors for recurrence 
include histological subtype, age, gender and the extent 
of surgical excision [6, 7]. Though surgical removal of 

all tumor tissue is important, it is not always possible 
now. For example, Petrecca et al. found that in patients 
with glioblastoma failure pattern following complete 
resection plus radiotherapy and temozolomide was at the 
resection margin [8]. One of the reasons is that the normal 
brain tissue must be preserved. Otherwise, it can lead to 
neurological deficits including impaired motor function, 
sensory function, memory, vision and audition [9]. 
Another reason is that the tumor border is always blurred 
due to the infiltrative growth of tumor tissue. There is 
no diagnostic technique to define the precise border for 
tumor excision at present. Therefore, it is urgent to find an 
effective technique that discriminates brain tumor tissue 
and normal tissue.
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At present, there are conventional diagnostic 
techniques but all are limited. In situ methods include 
CT images, MRI, ultrasound sonography and positron 
emission tomography. They are performed before or 
after surgery, but the situation may change during the 
surgery [10]. The incision, dislocation by surgical tools 
and swelling of the tissue can lead to displacement of 
the tissue. During surgery, intra-operative MRI requires 
considerable time and expensive equipment as well. 
Though florescence-guided surgery and angiography are 
recommended for malignant tumor, they have inherent 
difficulties defining the borderline between the low grade 
and normal tissue [11]. Histopathological diagnosis is 
purely ex vivo, invasive and time-consuming.

In recent years, many studies were reported on 
Raman spectroscopy in the diagnosis of various cancers 
such as tissues of the skin, larynx, breast, esophagus, 
stomach, cervix and urogenital tract [12-16]. Raman 
scattering underlies Raman spectroscopic technique. 
When photons are scattered from a molecule, most 
photons are elastically scattered, such that the scattered 
photons have the same energy as the incident photons. A 
small fraction of the scattered photons have a different 
frequency from that of the incident photons. Raman 
spectroscopy tests molecular vibration of asymmetric 
chemical bonds to detect the inelastic scattering of photons 
and therefore, provides information on the molecular 
structure and configuration of the target tissue [17]. Since 
there are proteomic differences between tumor tissue 
and normal tissue, Raman spectroscopy can distinguish 
them at molecular level [17, 18]. Hollon et al. [19] have 

summarized the Raman spectroscopy techniques in recent 
years. Also, Raman spectroscopy has several advantages. 
Water can not disturb the analysis, which remains a 
problem for other spectroscopic techniques. Also, the 
fiber-optic probe allows spatial flexibility to achieve non-
destructive and non-invasive collection of spectrum [20]. 
Furthermore, the spectra can be rapidly processed and a 
result can be offered in real-time during the surgery.

The first studies using Raman spectroscopy for 
neuro-oncologic applications were from Mizuno et al 
[21]. At that time, the less-advanced instrumentation and 
processing software didn’t allow it to be a surgical tool. 
Recently, many studies have been published to examine 
the accuracy of Raman spectroscopy in distinguishing 
brain tumor from normal tissues and to map the spectra of 
different sections of brain tissue [22, 23]. However, these 
studies were inconclusive because of insufficient sample 
and different diagnostic algorithms. The aim of this meta-
analysis was to systematically evaluate the accuracy of 
Raman spectroscopy for discriminating brain tumor and 
normal brain tissues.

RESULTS

Study identification

The initial literature research yielded 112 articles. 
According to the selection criteria, 26 relevant articles 
were selected and reviewed in full-text for more detailed 
information. 12 articles were irrelevant and 8 had 

Figure 1: Literature search and selection.
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insufficient details to reconstruct the 2x2 table. Ultimately, 
6 studies [17, 18, 24-27] were retrieved according the 
inclusion criteria. The study selection process was shown 
in Figure 1.

Description of included studies

The detailed characteristics of the 6 studies were 
shown in Table 1. All the articles were published between 
2005 and 2015, with 5 of them during the last five years. 
These studies were operated in 5 different countries. The 
number of the included patients varied from 7 to 28. The 
number of tissues involved in each study varied from 3 
to 60. The number of the spectra retrieved varies from 
16 to 1198. The total number of spectra was 1951, with 
an average of 325. In these 6 eligible studies, 3 studies 
identified glioma and 2 studies identified meningioma. The 
rest study identified both glioma and meningioma. The 
sample types included ex vivo (during the neurosurgical 

procedure or after that) and in vivo (only in one study). 
Three out of 6 articles involved cross-validation. Several 
diagnostic algorithms were utilized to discriminate spectra 
of different brain tissues. Raman spectra of the tissue 
were obtained by 2 types of Raman spectroscopy in these 
studies.

Diagnostic accuracy

Glioma group

Four studies [17, 18, 24, 26] examined glioma. The 
pooled sensitivity and specificity of Raman spectroscopy 
for discriminating glioma and normal brain tissues were 
0.96 (95% CI 0.94-0.97) and 0.99 (95% CI 0.98-0.99), 
respectively. The forest plots were shown in Figure 2. The 
pooled PLR and NLR were 62.09 (95% CI 8.66-445.29) 
and 0.05 (95% CI 0.03-0.08), respectively. The DOR 
was 1345.65 (95% CI 136.55-13260.52), demonstrating 

Table 1: Baseline characteristics of included studies

First Author Year Country N1 N2 N3 N4 Tumor type Mean age Sample 
type

Cross 
validation

Diagnostic 
algorithm

Raman 
spectroscopy

Koljenovic 2005 Netherlands 20 20 38 115 meningioma 59 ex vivo Yes LDA NIRS

Leslie 2012 USA 28 24 60 296 glioma — ex vivo Yes SVMA CRM

Zhou 2012 China 7 3 3 16 meningioma 27-56 (range) ex vivo No PCA & SVMA CRM

Aguiar 2013 Brazil — — 6 165 glioma & 
meningioma — ex vivo No PCA NIRS

Kalkanis 2014 USA 17 17 40 1198 GBM 63.9 (GBM), 
31.8 (normal) ex vivo No DFA CRM

Jermyn 2015 Canada 17 15 — 161 glioma 53 in vivo Yes BTC NIRS

N1 number of total patients, N2 number of patients in test group (not training), N3 number of tissues, N4 number of spectra, 
GBM glioblastoma multiforme, LDA linear discriminant analysis, SVMA support vector machine analysis, PCA principal 
component analysis, DFA discriminant function analysis, BTC boosted trees classification, NIRS near infrared Raman 
spectrometer, CRM confocal Raman microscope.

Table 2: Quality assessment of included studies using QUADAS questionnaire
Author Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 Score

2005 Koljenovic Y N Y Y Y Y Y Y Y Y Y Y N U 11
2012 Leslie Y Y Y Y Y Y Y Y Y Y Y Y N U 12
2012 Zhou Y N Y Y Y Y Y Y Y Y Y Y N U 11
2013 Aguiar Y N Y Y Y Y Y Y Y Y Y Y N U 11
2014 Kalkanis Y N Y Y Y Y Y Y Y Y Y Y N U 11
2015 Jermyn Y Y Y Y Y Y Y Y Y Y Y Y N U 12

QUADAS Quality assessment of diagnostic accuracy studied, Y yes, N no, U unclear.
Q1. Was the spectrum of patients representative of the patients who will receive the test in practice? Q2. Were selection 
criteria clearly described? Q3. Is the reference standard likely to correctly classify the target condition? Q4. Is the time period 
between reference standard and index test short enough to be reasonable? Q5. Did the whole sample, or a random selection of 
the sample, receive verification using a reference standard of diagnosis? Q6. Did patients receive the same reference standard 
regardless of the index test result? Q7. Was the reference standard independent of the index test (i.e. the index test did not form 
part of the reference standard)? Q8. Was the execution of the index test described in sufficient detail to permit replication of 
the test? Q9. Was the execution of the reference standard described in sufficient detail to permit its replication? Q10.Were the 
index test results interpreted without knowledge of the results of the reference test? Q11. Were the reference standard results 
interpreted without knowledge of the results of the index test? Q12. Were the same clinical data available when test results 
were interpreted as would be available when the test is used in practice? Q13. Were interpretable/intermediate test results 
reported? Q14. Were withdrawals from the study explained?
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high accuracy. The SROC curve analysis was used to 
summarize overall diagnostic accuracy. The AUC was 
0.9831. The SROC curve was shown in Figure 3.
Meningioma group

Three studies [18, 25, 27] examined meningioma. 
The pooled sensitivity and specificity of Raman 
spectroscopy for discriminating meningioma and normal 
brain tissues were 0.98 (95% CI 0.94-1.00) and 1.00 
(95% CI 0.98-1.00), respectively. The forest plots were 
also shown in Figure 2. The pooled PLR and NLR were 
56.34 (95% CI 9.46-335.35) and 0.05 (95% CI 0.01-0.24), 
respectively. The DOR was 1527.83 (95% CI 70.47-
33123.41), also demonstrating very high accuracy. The 
SROC curve was also performed to summarize overall 
diagnostic accuracy. The AUC was 0.9955. The SROC 
curve was shown in Figure 3.

Assessment of study quality

Two reviewers evaluated methodological quality 
for each study according to the QUADAS guidelines 
independently. All QUADAS items were used to evaluate 
the eligible articles. Table 2 shows the results of the 
evaluation of each study. 

Publication bias

The Deeks’ funnel plot asymmetry tests 
demonstrated that no significant publication bias was 
found in both glioma group (p = 0.22) and meningioma 
group (p = 0.24). The funnel plots were shown in Figure 4.

Figure 3: Summary receiver operating characteristics (SROC) curve of Raman spectroscopy to differentiate glioma (A) and 
meningioma (B) from normal tissues.

Figure 2: Individual study and pooled estimates of sensitivity and specificity and their 95% CIs of Raman spectroscopy to 
differentiate glioma (A and B) and meningioma (C and D) from normal tissues.
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DISCUSSION

This meta-analysis was conducted to assess the 
accuracy of Raman spectroscopy in differentiating brain 
tumor from normal brain tissue. This research for the first 
time summarized the evidence on the accuracy of Raman 
spectroscopy in the detection of glioma and meningioma. 
For glioma, the pooled sensitivity and specificity of 
Raman spectroscopy were 0.96 and 0.99, respectively. 
The AUC was 0.9831. For meningioma, the pooled 
sensitivity and specificity were 0.98 and 1.00, respectively. 
The AUC was 0.9955. Based on the principle mentioned 
in the methods section, we can conclude that Raman 
spectroscopy is a viable candidate for differentiating 
glioma and meningioma from normal brain tissue. 

Raman spectroscopy is a promising tool as 
intraoperative neurosurgical guidance. First, it requires 
no special staining or any preparation, which makes 
it possible for the diagnosis in real-time and to be able 
to minimize the disruption to neurosurgical workflow 
[24]. Second, it only takes a few minutes to obtain an 
accurate diagnostic result through Raman while the 
analysis of tissue used to require hours or even days 
through traditional analytic technique [28]. Third, Raman 
spectroscopy causes no harm to the patients, which 
differs from the traditional biopsy [29]. Besides, the high 
accuracy of Raman decreases the number of expensive 
tests, such as immunohistochemical staining, fluorescent 
in situ hybridization, electron microscopy or karyotyping, 
which are prescribed to guarantee the correct diagnosis 
[26]. Furthermore, the handheld Raman probe is small and 
easy to use during the surgery [30]. Raman spectroscopy 
can both quickly and effectively detect and analyze 
brain tissue in vivo as well as providing accurate tumor 
margin assessment by rapidly scanning [26]. With clear 
knowledge of margin, it contributes to avoid removal of 
normal tissue and to minimize the volume of residual 
tumor which poses a considerable impact on patient 
survival [24].

Besides the intraoperative use, Raman-guided 
biopsy with high accuracy contributes to reduce the 
incidence of a second stereotactic biopsy procedure when 
no representative tumor tissue is found for the first time 
[31]. Though second stereotactic biopsy rarely happened, 
stereotactic biopsy can cause hemorrhage and direct 
trauma [29]. Raman technique can also be applied to 
identification of location during radiation therapy [32].

Compared with neurosurgical microscopy, Raman 
spectroscopy does have a restricted field of view. It may 
be solved by involving complementary imaging technique. 
Besides, Raman spectroscopy requires proper illumination 
setup to limit extraneous light sources in measured signal. 
When we design the operating room for low-intensity 
spectroscopic signal, engineering solution may be needed 
[24].

This study also had several limitations. First, this 
meta-analysis is based on a limited number of studies. 
Though the number of spectra involved in is large (1951 
spectra), more studies are needed. Second, the patient 
size in each study was small and the numbers of spectra 
differed sharply among the included studies and this 
variability might have affected the outcome. Thirdly, 
the majority of the studies used ex vivo tissue. To prove 
whether Raman spectroscopy is an optimal diagnostic 
tool or not, more studies involving in vivo technique 
are needed. Furthermore, different techniques of Raman 
spectroscopy, and multiple algorithms were used in 
the included studies. Finally, the publication bias was a 
major concern for all meta-analysis. In our meta-analysis, 
though no publication bias was found (p>0.05), it should 
be noted that any meta-analysis could not completely 
exclude biases. Therefore, more studies with more patients 
examined in vivo are needed.

In conclusion, our study suggested that Raman 
spectroscopy could be an effective and accurate tool for 
differentiating glioma and meningioma from normal brain 
tissue. The application of this promising novel method 
would improve the accuracy of brain tumor surgery in 

Figure 4: Deeks’ funnel plots indicating no publication bias for glioma (A, p = 0.22) and meningioma (B, p = 0.24) groups.
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the future, by both avoiding removal of normal tissue and 
minimizing the volume of residual tumor. However, more 
studies are warranted to verify that and more efforts are 
still needed to improve this equipment and better serve 
clinical work.

MATERIALS AND METHODS

Literature search

PubMed and Embase were searched to identify 
suitable studies on Jan 1st, 2016, and no start date limit 
was applied. The search terms were ‘brain neoplasms’, 
‘spectrum analysis, Raman’, and ‘diagnosis’. Reference 
lists of relevant articles were also searched. No language 
restriction was applied.

Study selection criteria

Two reviewers independently determined study 
eligibility. Disagreements were adjudicated by a third 
reader.

The studies were selected on the basis of the 
following criteria: 1) only human tissue used in the 
experiments; 2) Raman spectroscopy was used as a 
diagnosis tool to distinguish tumor and normal tissues; 3) 
used histopathology as golden standard; 4) provided with 
detailed data to construct a 2x2 contingency table for true 
positive (TP), false positive (FP), true negative (TN) and 
false negative (FN). If the four values were not reported, 
we calculated those using indexes such as sensitivity and 
specificity. Corresponding author were contacted for the 
detailed data if no enough data was available.

Excluded criteria: 1) used animal tissues; 2) 
histopathology was not the reference standard; 3) included 
less than 10 spectra samples; 4) without sufficient 
calculable data; 5) duplicated reports, conference abstracts 
or studies based on the same study.

Data extraction

Two investigators extracted the data independently 
and disagreements were resolved by consensus. First 
author, year of publication, country, the number of 
patients, the age of patients, the number of samples, tumor 
type, methodological and technical data, numbers of TP, 
FP, TN, and FN were extracted from each study.

Quality assessment

The quality of each study was assessed by using 
the Quality Assessment of Diagnostic Accuracy Studies 
(QUADAS) guidelines, which is an established, evidence-

based tool for systematic reviews of diagnostic studies 
designed for diagnostic accuracy [33].

Statistical methods

Using the extracted data of TP, TN, FP, and FN, 
the pooled sensitivity, specificity, positive and negative 
likelihood ratios (LR), and diagnostic odds ratio (DOR), 
with 95% confidence intervals (CI), were calculated based 
on bivariate generalized linear mixed modeling [34]. 
Meta-Disc version 1.4 statistical software was used.

Furthermore, summary receiver operator 
characteristics (SROC) curves were constructed to 
examine the relationship between sensitivity and 
specificity. And the area under the curve (AUC) was 
calculated to assess the overall performance of Raman 
spectroscopy. In general, a diagnostic tool is regarded 
excellent when AUC values were between 0.9-1, good 
when AUC values were between 0.8-0.9, fair when AUC 
values were between 0.7-0.8, poor when AUC values 
were between 0.6-0.7 and failed when AUC values 
were between 0.5-0.6 [35]. The SROC curves were also 
performed by Meta-Disc version 1.4.

Publication bias

Publication bias was assessed using Deeks’ funnel 
plot asymmetry test (p<0.05 was considered that potential 
publication bias exits). The Deeks’ funnel plot asymmetry 
test was performed by Stata 11.0.

ACKNOWLEDGMENTS

We would like to thank the reviewers for their 
constructive comments.

CONFLICTS OF INTEREST

We declare no conflict of interest.

FUNDING

This work was supported by National Natural 
Science Foundation (NSFC81572850).

REFERENCES

1. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer 
statistics, 2002. CA Cancer J Clin. 2005; 55: 74–108.

2. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, 
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin. 
2015; 65:87–108.

3. De Monte F. Current management of meningiomas. 
Oncology (Williston Park). 1995; 9:83–91, 96; discussion 



Oncotarget36830www.impactjournals.com/oncotarget

96, 99–101.
4. Walbert T, Mikkelsen T. Recurrent high-grade glioma: a 

diagnostic and therapeutic challenge. Expert Rev Neurother. 
2011; 11:509–18.

5. Karsy M, Guan J, Cohen A, Colman H, Jensen RL. Medical 
Management of Meningiomas: Current Status, Failed 
Treatments, and Promising Horizons. Neurosurg Clin N 
Am. 2016; 27: 249–60.

6. Mirimanoff RO, Dosoretz DE, Linggood RM, Ojemann 
RG, Martuza RL. Meningioma: analysis of recurrence and 
progression following neurosurgical resection. J Neurosurg. 
1985; 62:18–24.

7. Simpson D. The recurrence of intracranial meningiomas 
after surgical treatment. J Neurol Neurosurg Psychiatry. 
1957; 20:22–39.

8. Petrecca K, Guiot MC, Panet-Raymond V, Souhami 
L. Failure pattern following complete resection plus 
radiotherapy and temozolomide is at the resection margin in 
patients with glioblastoma. J Neurooncol. 2013; 111:19–23.

9. Stummer W, Tonn JC, Mehdorn HM, Nestler U, Franz K, 
Goetz C, Bink A, Pichlmeier U, and ALA-Glioma Study 
Group. Counterbalancing risks and gains from extended 
resections in malignant glioma surgery: a supplemental 
analysis from the randomized 5-aminolevulinic acid 
glioma resection study. Clinical article. J Neurosurg. 2011; 
114:613–23.

10. Taghipour Zahir SH, Rezaei Sadrabadi M, Dehghani F. 
Evaluation of Diagnostic Value of CT Scan and MRI in 
Brain Tumors and Comparison with Biopsy. Iranian Journal 
of Pediatric Hematology & Oncology. 2011; 1: 121–5.

11. Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella 
F, Reulen HJ; ALA-Glioma Study Group. Fluorescence-
guided surgery with 5-aminolevulinic acid for resection 
of malignant glioma: a randomised controlled multicentre 
phase III trial. Lancet Oncol. 2006; 7: 392–401.

12. Kanter EM, Majumder S, Vargis E, Robichaux-Viehoever 
A, Kanter GJ, Shappell H, Jones HW 3rd, Mahadevan-
Jansen A. Multiclass discrimination of cervical precancers 
using Raman spectroscopy. J Raman Spectrosc. 2009; 
40:205–11.

13. Kanter EM, Vargis E, Majumder S, Keller MD, Woeste 
E, Rao GG, Mahadevan-Jansen A. Application of 
Raman spectroscopy for cervical dysplasia diagnosis. J 
Biophotonics. 2009; 2:81–90.

14. Duraipandian S, Sylvest Bergholt M, Zheng W, Yu Ho K, 
Teh M, Guan Yeoh K, Bok Yan So J, Shabbir A, Huang Z. 
Real-time Raman spectroscopy for in vivo, online gastric 
cancer diagnosis during clinical endoscopic examination. J 
Biomed Opt. 2012; 17: 081418.

15. Abramczyk H, Brozek-Pluska B, Surmacki J, Jablonska-
Gajewicz J, Kordek R. Raman ‘optical biopsy’ of human 
breast cancer. Prog Biophys Mol Biol. 2012; 108: 74–81.

16. Mahadevan-Jansen A, Richards-Kortum R., Ieee. (1997). 
Raman spectroscopy for cancer detection: A review. 

Proceedings of the 19th Annual International Conference 
of the Ieee Engineering in Medicine and Biology Society, 
Vol 19, Pts 1-6: Magnificent Milestones and Emerging 
Opportunities in Medical Engineering. (New York: IEEE), 
pp. 2722–8.

17. Kalkanis SN, Kast RE, Rosenblum ML, Mikkelsen T, 
Yurgelevic SM, Nelson KM, Raghunathan A, Poisson LM, 
Auner GW. Raman spectroscopy to distinguish grey matter, 
necrosis, and glioblastoma multiforme in frozen tissue 
sections. J Neurooncol. 2014; 116:477–85.

18. Aguiar RP, Silveira L Jr, Falcão ET, Pacheco MT, Zângaro 
RA, Pasqualucci CA. Discriminating neoplastic and 
normal brain tissues in vitro through Raman spectroscopy: 
a principal components analysis classification model. 
Photomed Laser Surg. 2013; 31:595–604.

19. Hollon T, Lewis S, Freudiger CW, Sunney Xie X, Orringer 
DA. Improving the accuracy of brain tumor surgery via 
Raman-based technology. Neurosurg Focus. 2016; 40:E9.

20. Santos LF, Wolthuis R, Koljenović S, Almeida RM, Puppels 
GJ. Fiber-optic probes for in vivo Raman spectroscopy in 
the high-wavenumber region. Anal Chem. 2005; 77:6747–
52.

21. Mizuno A, Kitajima H, Kawauchi K, Muraishi S, Ozaki Y. 
Near-infrared Fourier transform Raman spectroscopic study 
of human brain tissues and tumours J Raman Spectrosc. 
1994; 25:25–29.

22. Krafft C, Sobottka SB, Schackert G, Salzer R. Near infrared 
Raman spectroscopic mapping of native brain tissue and 
intracranial tumors. Analyst (Lond). 2005; 130:1070–77.

23. Krafft C, Sobottka SB, Schackert G, Salzer R. Raman 
and infrared spectroscopic mapping of human primary 
intracranial tumors: a comparative study. J Raman 
Spectrosc. 2006; 37:367–75.

24. Jermyn M, Mok K, Mercier J, Desroches J, Pichette J, 
Saint-Arnaud K, Bernstein L, Guiot MC, Petrecca K, 
Leblond F. Intraoperative brain cancer detection with 
Raman spectroscopy in humans. Sci Transl Med. 2015; 7: 
274ra19.

25. Zhou Y, Liu CH, Sun Y, Pu Y, Boydston-White S, Liu 
Y, Alfano RR. Human brain cancer studied by resonance 
Raman spectroscopy. J Biomed Opt. 2012; 17:116021.

26. Leslie DG, Kast RE, Poulik JM, Rabah R, Sood S, Auner 
GW, Klein MD. Identification of pediatric brain neoplasms 
using Raman spectroscopy. Pediatr Neurosurg. 2012; 
48:109–17.

27. Koljenović S, Schut TB, Vincent A, Kros JM, Puppels 
GJ. Detection of meningioma in dura mater by Raman 
spectroscopy. Anal Chem. 2005; 77:7958–65.

28. Huang Z, McWilliams A, Lui H, McLean DI, Lam S, Zeng 
H. Near-infrared Raman spectroscopy for optical diagnosis 
of lung cancer. Int J Cancer. 2003; 107:1047–52.

29. Field M, Witham TF, Flickinger JC, Kondziolka D, 
Lunsford LD. Comprehensive assessment of hemorrhage 
risks and outcomes after stereotactic brain biopsy. J 



Oncotarget36831www.impactjournals.com/oncotarget

Neurosurg. 2001; 94:545–51.
30. Molckovsky A, Song LM, Shim MG, Marcon NE, 

Wilson BC. Diagnostic potential of near-infrared Raman 
spectroscopy in the colon: differentiating adenomatous 
from hyperplastic polyps. Gastrointest Endosc. 2003; 57: 
396–402.

31. Bohorfoush AG. Tissue spectroscopy for gastrointestinal 
diseases. Endoscopy. 1996; 28:372–80.

32. Bakker Schut TC, Witjes MJ, Sterenborg HJ, Speelman OC, 
Roodenburg JL, Marple ET, Bruining HA, Puppels GJ. In 
vivo detection of dysplastic tissue by Raman spectroscopy. 
Anal Chem. 2000; 72:6010–18.

33. Whiting P, Rutjes AW, Reitsma JB, Bossuyt PM, Kleijnen 
J. The development of QUADAS: a tool for the quality 
assessment of studies of diagnostic accuracy included in 
systematic reviews. BMC Med Res Methodol. 2003; 3: 25.

34. Arends LR, Hamza TH, van Houwelingen JC, Heijenbrok-
Kal MH, Hunink MG, Stijnen T. Bivariate random effects 
meta-analysis of ROC curves. Med Decis Making. 2008; 
28: 621–38.

35. Metz CE. Basic principles of ROC analysis. Semin Nucl 
Med. 1978; 8:283–98.


