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Objectives:  Difficulties  in obtaining  a representative  tissue  sample  are  a major  obstacle  in  timely  selecting
the  optimal  treatment  for patients  with  lung  cancer  or other  malignancies.  Having  a modality  to provide
needle  guidance  and confirm  the  biopsy  site  selection  could  be of great  clinical  benefit,  especially  when
small  masses  are  targeted.  The  objective  of  this  study  was  to  evaluate  whether  diffuse  reflectance  spec-
troscopy  (DRS)  at the  tip  of  a  core biopsy  needle  can be  used  for  biopsy  site  confirmation  in  real  time,
thereby  enabling  optimized  biopsy  acquisition  and  improving  diagnostic  capability.
Materials  and methods:  We  included  a total  of  23  patients  undergoing  a routine  computed  tomography
(CT)  guided  transthoracic  needle  biopsy  of a lesion  suspected  for lung  cancer  or  metastatic  disease.  DRS
measurements  were  acquired  during  needle  insertion  and  clinically  relevant  parameters  were  extracted
from  the  spectral  data  along  the  needle  paths.  Histopathology  results  were  compared  with  the DRS  data
at  the  final  measurement  position.
Results:  Analysis  of the collective  data  acquired  from  all enrolled  subjects  showed  significant  differences
(p  < 0.01)  for blood  content,  stO2, water  content,  and  scattering  amplitude.  The  identified  spectral  con-
trast  matched  the  final  pathology  in  20  out of  22  clinical  cases  that  could  be used  for  analysis,  which
corresponds  with  an  overall  diagnostic  performance  of 91%.  Three  cases  underlined  the  importance  of

adequate  reference  measurements  and  the  need for real  time  diagnostic  feedback.  Continuous  real  time
DRS measurements  performed  during  a biopsy  procedure  in  one  patient  provided  clear  information  with
respect to  the  variation  in  tissue  and  allowed  identification  of  the  tumour  boundary.
Conclusions:  The  presented  technology  creates  a basis  for the  design  and  clinical  implementation  of

ls  for
integrated  fibre-optic  too

. Introduction
Advances in molecular biology are improving the understanding
f lung cancer and directing clinical decision making. Consequently,

Abbreviations: CT, computed tomography; DRS, diffuse reflectance spec-
roscopy; TBNA, transbronchial needle aspiration; FOBN, fibre-optic biopsy needle;
EE, generalized estimating equations; OCI, optical contrast index.
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E-mail address: j.spliethoff@nki.nl (J.W. Spliethoff).
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 a variety  of minimal  invasive  applications.
©  2016 Elsevier  Ireland  Ltd.  All  rights  reserved.

representative tissue samples for histologic characterization and
mutation analysis are increasingly important. Furthermore, with
the introduction of lung cancer screening programs [1–3] lung
tumours are expected to be found at earlier stages when the lesions
are smaller in size.

The modality selected for tissue diagnosis depends on multiple
factors, including size, morphology, and − most important − loca-

tion of the target lesion. For central pulmonary lesions the preferred
method for tissue sampling is transbronchial needle aspiration
(TBNA) via standard flexible bronchoscopy. TBNA may  provide

dx.doi.org/10.1016/j.lungcan.2016.05.019
http://www.sciencedirect.com/science/journal/01695002
http://www.elsevier.com/locate/lungcan
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iagnostic yields as high as 86% [4], but the yield strongly depends
n the location and size of the pulmonary nodule. In case of small
<2 cm)  lesions located in the periphery of the lung, the diagnostic
ield is low (30–46%) [5–7].

Guidance by additional modalities such as endobronchial ultra-
ound or electromagnetic navigation may  increase diagnostic
erformance, but diagnostic accuracy remains poor (56%) for small

esions [8,9]. For these peripheral lung nodules that are difficult
o reach by bronchoscopy, percutaneous transthoracic fine nee-
le aspirations or core needle biopsies are advocated. Although
hese procedures are generally performed under CT or fluoroscopy
uidance, positioning the biopsy needle in or near small nodules
emains challenging. As a consequence, the target lesion may  be
issed. Furthermore, biopsies may  be inconclusive because non-

iagnostic, necrotic material is obtained. Altogether, up to 23%
7,10–12] of the transthoracic diagnostic biopsy procedures for
ulmonary lesions show fail, resulting in repeated biopsies and
ssociated risk of pneumothorax and bleeding.

In recent years, promising achievements have been made in the
eld of diffuse reflectance spectroscopy (DRS). Diffuse Reflectance
pectroscopy (DRS) enables tissue characterization by illuminat-
ng the tissue with a selected spectral band of light and collecting
iffusely reflected light. The light that is recollected has travelled
hrough the tissue and contains information about the tissue’s
bsorption and scattering properties. Analysis of this spectral signa-
ure provides specific quantitative morphologic, biochemical and
unctional information. We  propose the use of a simple-to-use
bre-optic probe, which is integrated into biopsy needles that
re commonly used for routine diagnostic purposes. Such a smart
iopsy device would allow near real time measurement of tissue
ptical properties at the tip of the needle by DRS. This approach
ould allow rapid diagnosis in vivo and could therefore be used to

ncrease the biopsy yield and prevent repeated biopsy procedures.
Our group previously validated a DRS spectroscopy platform

hat allows DRS tissue sensing at the tip of a biopsy needle with
ntegrated optical fibres [13,14]. We  demonstrated the value of the
ystem by assessing its preliminary performance in a small number
f patients undergoing transthoracic needle biopsy for suspicious
ung lesions [15]. Tissue diagnosis derived from DRS was  diag-
ostically discriminant in each of the 11 clinical cases that were

nvestigated.
In the current study the performance of our method is inves-

igated in a larger cohort of patients and a link is made between
ooled results of the cohort data and the results based on an indi-
idual patient analysis. Furthermore, possible improvements for
uture clinical applicability were identified.

. Materials and methods

.1. Patients

The protocols for the clinical study were reviewed and approved
y the institutional review board of The Netherlands Cancer Insti-
ute − Antoni van Leeuwenhoek hospital. The study was  registered
t the Netherlands Trial Register (NTR3651) and the U.S. National
nstitutes of Health Clinical Trial Database (NCT01730365). Patients

ith suspicious pulmonary lesions who were scheduled for a stan-
ard core needle biopsy were recruited for study participation. The

esions had to be safely accessible by a transthoracic core biopsy
eedle. The lesions were required to be located in the pulmonary

arenchyma at least 1 cm from the pleural surface to allow ref-
rence measurements in lung parenchyma. Patients at increased
isk of bleeding were excluded. All patients gave written informed
onsent prior to the experimental procedures.
ncer 98 (2016) 62–68 63

2.2. Portable spectroscopy system

The general principles of DRS, the operating features of the
DRS system, the calibration procedures, and fibre-optic biopsy nee-
dle (FOBN) have been described previously [16,17]. Briefly, the
16G FOBN (Invivo Germany, Schwerin, Germany) consists of one
100 �m diameter fibre for light delivery and two identical adjacent
fibres with a diameter of 200 �m for the collection of the reflected
light. The distance between the emitting and collecting fibres at
the needle tip was  1.36 mm,  resulting in a tissue probing depth
of approximately 1–2 mm.  The optical fibres from the FOBN were
connected to the DRS system, which consists of a broad-band light
source (Tungsten halogen; 360–2500 nm)  and two spectrometers:
one which resolves the light in the visible wavelength range, i.e. 400
up to 1050 nm (Andor Technology, DU420A-BRDD) and one which
resolves near infrared light from 900 up to 1700 nm (Andor Tech-
nology, DU492A-1.7). For each procedure the system was calibrated
for system response by measuring reflectance from a spectrally
flat barium sulphate casing around a non-sterile calibration nee-
dle. This permitted correction for spectral variations of the light
source, spectrometer, and fibre transmission. After the calibration,
the calibration needle was  disconnected and the sterile-packaged
experimental needle was connected.

2.3. Image guidance and data acquisition

All patients underwent a free-breathing CT-scan (16-slice
Somatom Sensation Open, Siemens, Erlangen, Germany) as part of
the standard procedure planning. From the 3D data set, an opti-
mal  slice with the tumour clearly visible was selected to define a
planned needle path. The fibre-optic biopsy needle was  inserted at
the planned entry point and fluoroscopy imaging was performed
simultaneously with DRS acquisition to allow registration of the
tissue characterization with the actual location of the needle tip.
A total of 23 patients were measured. In 22 patients sets of 3–5
reflectance spectra were acquired at discrete locations in 1) healthy
lung tissue, 2) tissue at the tumour border, and 3) tumour tissue.
In one patient DRS measurements were taken in rapid succession
(within ∼1.5 s) along the needle tract. For each patient the biopsy
gun was  fired immediately after final DRS measurements to obtain
a physical tissue sample from the target lesion.

2.4. Tissue processing

The distal end of the tissue samples was marked with yellow
tissue marking dye (Polysciences Inc., Warrington, United King-
dom) for orientation purposes. The samples were formalin-fixed
and processed according to routine histopathology. Tissue samples
were processed via standard histological procedures. After paraffin
embedding, the samples were sectioned and stained with stan-
dard hematoxylin and eosin (H&E) (Merck, Darmstadt, Germany).
The resulting tissue slices were examined by light microscopy by
an experienced pathologist who was blinded to the spectroscopic
findings. The glass slides were digitized by a histologic slide scanner
(ScanScope − Aperio Technologies Inc., Vista, California). Pathology
results were compared with the DRS data at the final measurement
position.

2.5. Spectral data analysis

DRS measurements were spectrally fitted with an analytical
model by Farrell et al.  [18] that was  derived from diffusion theory

using a Levenberg–Marquardt non-linear inversion algorithm to
determine the absorption coefficient �a(�) and the reduced scatter-
ing coefficient �s(�) expressed in cm−1. The validation of the model,
including spectral calibration procedures, and its application in
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Table 1
Histopathology findings and lesion size for the 23 suspicious lung lesions.

Lesion Clinical diagnosis n Median lesion
size in mm

Malignant tumour
(n = 21)

Non-small-cell lung
carcinoma

17 29 (range 14–63)

Metastasis of a colon
carcinoma

2 30 (range 12–47)

Metastasis of a
carcinoma of the
ovary

1 14

Metastasis pleiomorf
sarcoma

1 32

Benign tumour (n = 1) Hamartoma 1 20
4 J.W. Spliethoff et al. / L

arious preclinical studies were described in detail elsewhere
13,14,19,20].

The model uses prior knowledge of light-tissue interaction to
ranslate the acquired spectra into estimates of various absorption
nd scattering parameters. The absorption parameters represent
he concentration of physiologically relevant absorbers in the tis-
ue (e.g. blood, water, fat) as well as functional parameters like
he oxygenation level of blood [stO2]. The absorption coefficient
f water and fat in their pure state is used as a priori knowledge for
he model-based analysis. The blood content is computed as the
um of the estimated oxygenated and deoxygenated haemoglobin
olume fraction by assuming a total haemoglobin concentration
f 150 mg/mL  of blood (typical value for human blood). The oxy-
enation level of blood is computed as the ratio of oxygenated
aemoglobin to the total blood volume fraction. Light scattering

s caused by local inhomogeneity in the refractive index, such as
ellular organelles and extracellular matrix [21,22] or in lung by
ir-tissue transitions in alveoli. In lung, the main scattering param-
ter is the reduced scattering amplitude, which we calculated at
00 nm [�s’(800)].

.6. Outcome measures and statistics

Tissue parameters determined from DRS spectral measure-
ents (e.g. blood, stO2, water, �s’(800)) were compared between

umour tissue and normal tissue using a generalized estimating
quations (GEEs) approach with controlling for repeated mea-
urements within the same subject. These DRS parameters were
ssumed to be normally distributed. Within-patient dependencies
ere represented by the correlation matrix where all pairwise cor-

elations were assumed to be equal (equicorrelated). The analyses
ere performed using the GEEQBOX toolbox in Matlab 8.4 (Math-
orks Inc., Natick, Massachusetts) and p < 0.01 were considered

tatistically significant.
Earlier we found that when performing pooled analysis of all

pectra, DRS parameters may  show considerable overlap between
arious tissue types due to inter-patient variation. Moreover, to
llow incorporation of multiple optical fibres in a thin biopsy nee-
le, we used a fibre separation of 1.36 mm,  which − in some cases

 will infringe with diffusion theory assumptions, resulting in an
verestimation of absorption coefficients and scattering parame-
ers. An approach to overcome these issues is to focus on relative
hanges that occur in a particular insertion instead of looking at
bsolute values only [15,23,24].

To compare the results of the pooled analysis and individual
atient data, parameter values for blood content, stO2, water con-
ent, and �s’(800) were scaled to the average values measured
ithin each patient. Furthermore, for each patient an Optical Con-

rast Index (OCI) was calculated, which represents the relative
ifference in the water-to-scattering ratio between tumour and

ung tissue within the same individual [15]. OCI values were deter-
ined based on the spectroscopically derived values for water and
s’(800) using the following formula:

CI =
[
water/�

′
s(800)

]
Tumor[

water/�
′
s(800)

]
Normal

,

here
[
water/�

′
s(800)

]
Tumor

and
[
water/�

′
s(800)

]
Normal

corre-
pond to the average water-to-scattering ratio measured in tumour
issue and surrounding normal lung tissue, respectively.
. Results

Twenty-three transthoracic biopsy procedures were performed
sing the experimental device. Median age was 67 years (range
Non-diagnostic (n = 1) Lung parenchyma 1 18
Total 23 27

41–80 years). Twelve participants were women, 13 were smok-
ers. Histopathological examination of the targeted tissue revealed
21 malignancies and one hamartoma (Table 1). One tissue sample
was non-diagnostic. The median tumour size was 27 mm (range
12–63 mm).

During needle insertion, positioning of the FOBN in lung
parenchyma was  based on the CT fluoroscopy imaging, as illus-
trated in Fig. 1. When the collective data (n = 242 DRS spectra)
acquired from all enrolled subjects were statistically compared
(Fig. 2A), significant compositional differences (p < 0.01) between
tumour tissue and surrounding healthy lung tissue were noted
for stO2, water content, and �s’(800). On average more blood was
encountered during measurements in healthy lung tissue, but this
difference was not statistically significant.

Fig. 2B shows the relative contrast between tumour and normal
tissue based on the spectroscopically derived values for blood con-
tent, stO2, water content, and �s’(800) for each patient individually.
Note that for stO2, water content, and �s’(800) the trends from lung
parenchyma to tumour tissue showed the same tendency for most
patients (down for stO2 and �s’(800); up for water content). Addi-
tionally, in most patients more blood was encountered in healthy
lung parenchyma, but considerable differences between patients
was seen.

Comparison of the DRS OCI values with the biopsy reports
showed that in 19 out of 23 patients, tumour tissue could be cor-
rectly identified based on a median increase in the OCI of 131%. In
four cases the OCI did not increase during the biopsy procedure.
One of these cases (subject 3) appeared to be a “true-negative”; the
OCI (0.72) measured just before biopsy indicated that FOBN was
not positioned in or near the lesion. Histopathological analysis of
the biopsy sample confirmed that the targeted lesion was missed.
Thus if this feedback would have been used, a corrective manipu-
lation of the needle may have increased the chance of an adequate
biopsy.

As mentioned previously, the integrated fibre-optic biopsy
tool used for the spectral measurements enables 1:1 correlation
between spectral data and the tissue sample taken at the same loca-
tion in the tumour. However, in one patient (subject 18), during the
procedure the fluoroscopic imaging showed that the needle was
slightly moved between the final spectral measurements and the
actual tissue biopsy. This resulted in a mismatch between the OCI
value (0.94) and pathology analysis. This observation highlights the
importance of real time measurements and data processing in order
to allow for necessary adjustments of needle positioning based on
the changes in the derived DRS parameters.

Furthermore, we  found that in two  patients (Fig. 3: subject 16

and subject 19)  inadequate reference measurements in normal lung
parenchyma led to impaired lesion identification when using the
OCI (values: 0.68 and 0.81 for subject 16 and subject 19, respec-
tively) as end point. The fluoroscopic imaging of subject 16 (Fig. 3A)
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Fig. 1. Example of added quantitative spectral functionality during routine lung biopsy. (A) Positioning of the FOBN based on CT fluoroscopy imaging in lung tissue, near the
target  lesion and in the target lesion prior to biopsy. (B) Co-registered DRS measurements (blue dotted line) and corresponding fit curves (red lines). (C) Data for blood, stO2,
water  and �s’(800) represent mean values ± standard error of the mean. N: normal lung parenchyma; B: tumour border; T: tumour.

Fig. 2. DRS parameter quantification. (A) Bar graphs showing the values for blood, stO2, water, and �s’(800) as measured in lung parenchyma (Normal), at the tumour border
(Border) and in the target lesion (Tumor). Values are given as the mean ± standard error, adjusted for repeated measurements. *p < 0.01. NS: not significant. (B) Relative
differences in blood, stO2, water, and �s’(800) between lung parenchyma and tumour for individual needle insertions (n = 22).
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ig. 3. (A) Fluoroscopic imaging of subject 16 confirms that reference measurement
lood. (B) In subject 19 fluoroscopic imaging suggests that reference measurements
f  adequate reference measurements. N: normal lung parenchyma; T: tumour.

uggested that DRS reference measurements were taken in healthy
ung parenchyma. However, based on DRS blood content (>90%)
hese measurements might have been taken near a small blood
essel or minor bleeding at the needle tip. In subject 19 (Fig. 3B) fluo-
oscopic imaging indicated that reference measurements were not
aken in healthy lung parenchyma, but in consolidated tissue. What
s important to note, is that in both clinical cases either spectral
nformation (measured blood content) or procedural fluoroscopy
maging could have been used to inform the operator about the
in)adequacy of the reference measurements.

In one patients (subjects 23) spectral measurements were
cquired continuously during needle insertion, as shown in Fig. 4.
hile the needle tip was progressed towards the tumour, CT flu-

roscopy imaging provided the actual location of the needle tip.
 clear increase in OCI was observed once the needle reached the

umour, indicating that this information could have been used to
erify correct needle positioning.

. Discussion

In the current study, we sought to assess the potential of DRS
s a platform for the real time lesion identification during rou-
ine transthoracic core-needle biopsy procedures. We  believe that
easibility and usability have been demonstrated successfully.

A total of 23 transthoracic lung needle biopsies performed under
uoroscopy imaging. Tissue water content, stO2, and �s’(800)

howed statistically significant differences when the needle tip was
uided from normal lung tissue to the target lesions. These findings
re in line with our previous studies [13–15]. Relative differences
n water-to-scattering ratio matched with final pathology in 20
 taken in lung parenchyma. However, these measurements appeared to contain 92%
not taken in healthy lung parenchyma. Both clinical cases underline the importance

out of 22 clinical cases that could be used for analysis. This corre-
sponds with an overall diagnostic performance of 91%. Two  clinical
cases underlined that a robust internal reference measurement is
needed for accurate detection of transitional changes along the
needle track. Furthermore, we learned that the diagnostic spectral
information should be presented in real time to minimize discrep-
ancies between DRS measurements and the actual biopsy site due
to needle movement.

The key advantage of our system is that is that the narrow wave-
length range commonly used in DRS (typically between 400 and
900 nm)  was  extended into the near-infrared region up to 1600 nm
where blood has no significant absorption features. This feature
helps to overcome the effect of dominant absorption by exces-
sive amounts of haemoglobin in the visible wavelength region
(400–700 nm). Furthermore, it enables the quantification of water
content which is an important measure for lung tissue density. Ear-
lier, we found that the reliability (i.e. confidence intervals) for water
content and �s’(800) is not affected by the amount of blood at
the needle tip. However, in case of excessive pooling of blood at
the needle tip, DRS output parameters might not reflect the tis-
sue’s true physiological composition. Thus, although the estimates
for the DRS parameter values may  be valid, the parameter values
may  partly reflect the optical properties of blood. Nevertheless, the
blood content −which is accurately quantified- could be provided
as feedback to the physician, thereby allowing necessary adjust-
ments of the needle to reduce the effect of blood contamination.
From a clinical point of view, a system for spectral tissue sensing
should provide clear contrast between the target tissue (tumour)
and surrounding tissue. Continuous DRS measurements, as per-
formed during this study, can be used to record a profile along the
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ig. 4. Real time tissue characterization and biopsy with the FOBN in an individual
he  biopsy has been performed (image VI). (B) The OCI was extracted from the optica
s  internal reference.

eedle path and yield valuable data with respect to the variation
n tissue composition across the tumour as well as identifying the
oundaries between tissues. However, from the results of this study
e learned that spectral tissue feedback should preferably also

nclude information about the reliability of the spectral measure-
ent and the certainty of an assigned tissue diagnosis. A strategy

sing a combination of multiple DRS parameters (including blood
ontent) and corresponding confidence intervals may  have the
otential to improve the overall reliability of a future clinical appli-
ation.

We should note that using healthy lung tissue as reference is
nly applicable to lesions with sufficient aerated lung parenchyma
nterposed between the pleura the lesion. Lesions located close to
he pleura or lesions that are obscured by fibrosis or atelectasis are
ot amenable for this method. One option is to perform a refer-
nce measurement in subcutaneous fat at the skin entry site prior
o further needle insertion into the thorax. These measurements
ould then be used to correct for inter-patient variation. Addi-
ional advantages would be the simplification of the biopsy process
nd decreased risk of complications, specifically pneumothorax or
emorrhage, as spectral reference measurements are taken prior
o piercing the pleura.
The calibration of the spectroscopy system prior to tissue mea-
urements consisted of several steps, including calibrating the
ystem with a white reflectance standard measurement to cor-
ect for system response (spectral variations of the light source,
T Fluoroscopy images during insertion of the FOBN (images I through V) and after
 along the needle path. Note that the first measurement in lung parenchyma served

spectrometer, fibre transmission, etc.). For the in vivo studies
the spectroscopy system was calibrated for system response by
measuring reflectance from a spectrally flat barium sulphate cas-
ing around a non-sterile calibration needle. After the calibration,
the calibration needle was  disconnected and the sterile-packaged
fibre-optic needle was  connected for the tissue measurements.
Although this method allows correcting for day-to-day variations, it
does not take into account differences between the single-use fibre-
optic needles and variations in the coupling between the fibre-optic
needles and the spectroscopy system. It would be interesting to
investigate the contribution of this source of error to the “inter-
patient” variation. For a future clinical system one could consider
packaging the spectroscopy needle with a calibration cap in place.
This cap could then be used for system calibration (after connection
of the needle) without contaminating the needle.

Because STS is performed from tissues that are close to the
needle tip (1–2 mm),  we  expect that spectral information will
ultimately be used complementary to image guidance (e.g., flu-
oroscopic imaging). By providing crucial information just before
the tissue sample is taken STS may  help to reduce the number
of false-negative biopsies with minimal impact on routine clinical
workflow.
The current experimental system was designed for clinical stud-
ies and has proven to be compatible with the existing clinical
workflow of transthoracic lung biopsy procedures. Because of the
observational nature of this study, the collected data were not
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hown to the radiologist. Further clinical validation of the outlined
pproach in a prospective setting or (subsequent) clinical imple-
entation would require that the spectral information is translated

nto comprehensible and reliable diagnostic information in real
ime.

Precise biopsy needle placement and positioning will remain
he basis of every successful biopsy procedure. CT-guided core nee-
le biopsy is viewed as a safe procedure for diagnosing pulmonary
odules, but accuracy decreases with a smaller lesion size, making
efinitive diagnosis difficult. Conventional CT-guided needle biop-
ies of the lung do not allow real time visualization of the needle
ip or the site of the lesion. This lack of real time imaging capability
s one reason for a decrease in diagnostic accuracy [25]. We  expect
hat once optimized, the combined use of image guidance and real
ime spectral tissue characterization may  improve the diagnos-
ic performance of transthoracic biopsies of small peripheral lung
esions to 90–95%. This objective should be challenged in a larger
rospective diagnostic study.

. Conclusions

We  conclude that DRS tissue sensing integrated into a biopsy
eedle may  be a powerful new tool for biopsy guidance that can be
eadily used in routine diagnostic lung biopsy procedures. Given
he feasibility and clinical applicability of the outlined approach, it
s also conceivable to make integrated tools for other oncological
rocedures that rely on accurate instrument positioning.
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