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Photodynamic therapy (PDT) is a promising tool for least-invasive alternative methods for the
treatment of brain tumors. The newly discovered PDT-induced opening of the blood–brain
barrier (BBB) permeability open novel strategies for drug-brain delivery during post-surgical
treatment of glioblastoma GBM. Here we discuss mechanisms of PDT-mediated opening of the
BBB and age di®erences in PDT-related increase in BBB permeability, including with formation
of brain edema. The meningeal lymphatic system plays a crucial role in the mechanism of brain
drainage and clearance from metabolites and toxic molecules. We discuss that noninvasive
photonic stimulation of °uid clearance via meningeal lymphatic vessels, and application of optical
coherence tomography (OCT) for bed-side monitoring of meningeal lymphatic drainage has the
promising perspective to be widely applied in both experimental and clinical studies of PDT and
improving guidelines of PDT of brain tumors.
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1. Photodynamic Therapy (PDT)
of Brain Tumors: A Brief History

High grade glioma (HGG) is one of the most com-
mon and aggressive brain tumors in adults.1 How-
ever, HGG can be seen in any age group starting
from in utero and early infancy through young
adulthood.2–5 In adults, HGG often arises from a
low grade glioma that has undergone malignant
transformation, but this phenomenon is exceedingly
rare in children.6 Similar to the adults, however,
pediatric HGG are characterized by their aggressive
clinical behavior and account for a signi¯cant
amount of morbidity and mortality among children
with brain tumors.7

HGG typically arise from astrocytic origins, in-
cluding glial, oligodendrocytes, and ependymal
cells.7 HGGs are classi¯ed by the World Health
Organization (WHO) as either grade III (astrocy-
toma) or IV (glioblastoma, GBM), meaning that
they are highly malignant tumors with character-
istic ¯ndings such as hypercellularity, nuclear aty-
pia, and high mitotic activity with or without
microvascular proliferation and necrosis.2,7

While the median survival time (MST) for
patients with GBM has increased since the last
study, it is still reported at just 12–18 months fol-
lowing standard therapies including guided surgical
resection,8–11 gamma knife surgery,12 intensity
modulated ionizing radiation therapy,13 or chemo-
therapy.14 In 98%, GBM resection is required to
a®ord long-term bene¯t to the patients.10 However,
due to the coexistence of normal and malignant
brain tissues, complete resection of GBM means
sacri¯cing normal brain tissues. Since the brain
functions cannot be substituted by any other sites,
GBM resection has to be relinquished to maintain
the brain function if the tumor in¯ltrates the func-
tional areas involved with language, motor func-
tions, senses, vision, and memory. Even, if GBM
resection was performed successfully, 80% of GBM
recurs within a 2-cm periphery of the initial resec-
tion site.15–17

Current nonsurgical therapeutic strategies are
limited to accessible GBM. The photodynamic
therapy (PDT) and photodynamic diagnosis (PDD)
are discussed as promising least-invasive tools for
the treatment of GBM.

A pioneer in the ¯eld of PDT is Niels Finsen, who
was awarded the Nobel Prize in 1903 for his dis-
coveries using light in the treatment of cutaneous

tuberculosis.17 PDT ¯rst demonstrated by a medi-
cal student, Oscar Raab, in 1898 when he discov-
ered the toxic action of acridine on paramecia a
unicellular microorganism in conjunction with am-
bient light.18 The student worked in the laboratory
of Herman Von Tappeiner in Munich who reported
in 1904 that the process Raab had described was
dependent on oxygen, and Von Tappeiner was the
¯rst to use the term PDT to describe the phenom-
enon of oxygen-dependent photosensitization.19

Von Tappenier was also the ¯rst to perform PDT in
humans with skin cancer using eosin as a photo-
sensitizing agent. The physical properties of the
hematoporphyrin as a photosensitizer were ¯rst
described in 1908, and its biological activity was
demonstrated a few years later, in 1913, when a
German physician, Meyer-Betz, injected himself
200 mg of hematoporphyrin and remained sensi-
tive to light for 2 months.20 In modern history,
Dougherty,21 Wilson,22 Stepp,14 Krasnovsky,23

Uzdensky,24 Zavadskaya,25 Sha¯rstein,26 Hasan27

are well-known researchers in experimental and
clinical studies of PDT.

PDT is a form of therapy that combines a light
source and nontoxic photosensitizing agents (pho-
todynamic dyes). The systematically or topically
administered photosensitizer is speci¯cally accu-
mulated in tumor tissue. When the concentration of
photosensitizer is su±cient, it is activated by ex-
posure to light appropriated for its excitation. The
excited photosensitizer interacts with molecular
triplet oxygen (3O2) and produces singlet oxygen
(1O2) resulting in tissue oxidation. The mechanisms
of 1O2 generation are the light-induced transition
one of electrons in a higher-energy orbital from the
ground state (triplet oxygen) in a short-lived
(�fl ¼ 10�6–10�9 s) electronically excited state
(singlet oxygen) (Fig. 1(a)). The 1O2 damages
tumor cells by direct injury (necrosis and apoptosis)
or due to the occlusion of tumor vessels (thrombus
formation), and secondarily enhanced host immu-
nity.28,29 The life of 1O2 is between 0.04 and 4 �s
and the distance of migration between 0.02 and
1�m. Therefore, PDT is considered a min-invasive
therapy targeting each cell containing the photo-
sensitizer alone while preserving the adjacent nor-
mal tissues (Fig. 1(b)).

PDT has been investigated as an adjuvant for
the treatment of GBM for approximately 35
years.30–35 In 1980, Perria et al.36 performed the
¯rst-in-man study of PDT using Photofrinr
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(5mg/kg, light density 720–2400 J/cm2) on eight
patients anaplastic astrocytoma and GBM. Later,
in 2005 Kaneko37 and Stylli et al.38 conducted PDT
with Photofrinr (5mg/kg, light density 70–240 J/
cm2) and a combination of radiochemotherapy in
145 patients with GBM. They reported MST 14.9
months for patients with initial GBM and 13.5 for
patients with recurrence. In 2006, Muller et al.39

treated 112 patients withGBMbyPDT (Photofrinr

(2mg/kg, light density 20 J/cm2) and demonstrated
MST 11months for PDT-group and 8months for the
control group. In the same year, Kostron et al.40

conducted PDT using Foscanr (0.15mg/kg, ab-
sorption wavelength 652 nm, 20 J/cm2Þ for patients
with recurrent GBT and reported that MST was
9 months for the PDT-group vs. untreated patients.
In 2007, Stepp et al.14 used the pro-drug 5-aminole-
vulinic acid (5-ALA, 20mg/kg) for PDD of
GBM. For PDD a speci¯c °uorescence of 5-ALA was
studied in ultraviolet 3–6 h after administration per
os (Figs. 2(a)–2(d)). This group also used PDT for
patients with GBM (laser 635 nm with 100, 150, and
200 J/cm2) and showedMST 6 months for the PDT-
group compared with the control group.

The most successful results have been shown by
Eljamel et al.41 in 2010, who performed PDT in 27
patients with GBM using (Photofrinr, 2mg/kg,
light density 100 J/cm2) and reported that MST
was 53 weeks in the PDT-group and 24 weeks for
the control group, i.e., survival rate was increased
by 1.5 year. For a more detailed discussion of

Fig. 2. The °uorescence guided resection of GBM in patient:
(a) magnetic resonance imaging (MRI) of glioblastoma
(arrowed); (b) preparation of surgical area; (c) the surface of
brain after craniectomy; (d) speci¯c °uorescence of 5-ALA in
ultraviolet 3–6 h after 5-ALA administration per os; (e and f)
PDT of GBM, where e — MRI of GBM and f — schematic
illustration of post-surgical PDT of GBM. Panels (a)–(d) pre-
sented with the permission of Herbert Stepp, University Hos-
pital of Munich, Germany. Panels (e) and (f) were adapted
from J. Akimoto, \Photodynamic Therapy for Malignant Brain
Tumors," Neurol Med Chir (Tokyo) 56, 151–157, 2016.

Fig. 1. Mechanisms of singlet oxygen generation (a) and
PDT-mediated damage of tumor cells (b).

PDT of brain tumors and OCT in vivo monitoring of cerebral °uid dynamics
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clinical results of PDT for HGG, Bechet et al.33 and
Quirk et al.34 give an excellent overview.

2. PDT-Induced Opening of the

Blood–Brain Barrier and Vasogenic
Edema

The traditional explanation of the anti-cancer PDT
e®ect is 1O2-induced damage of the endothelial cells
resulting in tumor microvasculature collapse.42,43

However, in recent several studies have been shown
completely new vascular mechanisms of PDF such
as an increase in the blood–brain barrier (BBB)
permeability44–50 (Fig. 3).

The physical BBB form three elements: endo-
thelial cells, embedded with them pericytes, and
covering them astrocyte end-feet. The di®usion
BBB presented by a complex of intra- and trans-
membrane proteins.51,52 Tight junctions (TJs) are
located on the apical membrane of cerebral endo-
thelium and contain the family of claudins, occlu-
din, junctional adhesion molecules as well as in the
cytoplasm of endothelial cells including zonula
occludens proteins (ZO-1, ZO-2, ZO-3, and cingu-
lin) bound to actin cytoskeleton.53–55 Adhesion
junctions are located at the part of the basement

membrane of the paracellular space and are com-
posed of cadherin, integrin and their associated
proteins.56

The BBB plays an important role in the central
nervous system (CNS) health controlling penetra-
tion of blood-borne agents into the brain and pro-
tects the CNS from toxins and pathogens.57

However, it also limits the delivery of therapeutics
to CNS that poses a challenge for e®ective therapy
to majority of CNS diseases.58 Therefore, the
methods for the BBB opening have received signif-
icant attention in the last decades.59–62

Recently, it has been revealed that PDT, as a
widely used tool for therapy of GBM,14,30–41 can
also e®ectively and site-speci¯cally open BBB.44–50

Hirschberg44 using 400�m bare °at-end quartz ¯ber
(635 nm) and stereotaxic procedure clearly show
that the ALA-PDT causes the opening of BBB. At
the low °uence levels of 9L, the ALA-PDT opens
the BBB rapidly without any damages of brain
tissues, the disrupted BBB is observed during 2 h
following PDT and restored during the next 72 h.44

The disruption of BBB is greater using the higher
°uence level of 26 J but the damages of surrounding
tissues (necrosis, edema, hemorrhage) are observed
17 days.

Fig. 3. The confocal imaging of noninvasive PDT-induced BBB opening for liposomes with usage of markers of neurovascular unit:
(a) liposomes distributions between the astrocytes labeled by antibodies of astrocytes (GFAP); (b) liposomes leakage outside the
vascular endothelial cells labeled by antibodies of cerebral endothelium (SMI); PD — photodynamic e®ects, Ctr — the control
group. The white arrows show the sites of liposomes leakage; (c and d) — schematic illustration of PDT-opening of the BBB.43
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We con¯rmed these results in our work.48–50

Using laser 635 nm (10–40 J/cm2, 40–100mV,
250–400 s) and 5-ALA (NIOPIK, Russia, 20mg/kg,
i.v.) we showed opening of the BBB to °uorescent
liposomes and for high weight molecular molecules
in the middle dose of laser in°uences on the brain
tissues (15–20 J/cm2, 40–60mV, 375–333 s) (Fig. 3).

Several authors show the e±ciency of PDT-
related BBB disruption for targeted macrophages
migration from blood into the brain with the aim to
improve PDT of glioma using macrophages as
transport system through the BBB for gold-nano-
particles.39–41 The nanoparticles show great promise
for PDT.63 Madsen in an experiment in vivo showed
that PDT (the photosensitizer — aluminum
phthalocyanine disulfonate (AlPcS2a), � ¼ 670 nm;
light dose = 2.5 J) is e®ective for the opening of
BBB and the migration of systemically adminis-
tered exogenous macrophages loaded with iron
oxide nanoparticles (120–180 nm) in the brain
of rats.45 Trinidad in experiments in vitro using
macrophages loaded gold nanoparticles (120 nm)
and human FaDu cancer cell line (head and neck
squamous cell carcinoma) showed reducing 2-fold
the cell viability after PDT (AlPcS2a-mediated
� ¼ 670 nm, °uence level 0.25 J/cm2Þ combinedwith
photothermal therapy (� ¼ 810 nm, at 14W/cm2

irradiance).64

The mechanisms responsible for PDT-mediated
increase in BBB disruption remain poorly under-
stood. Some reports show that PDT has e®ects on
the endothelial cells resulting in the increasing
gaps between endothelial cells via changes of the
cytoskeleton, cell rounding and constriction loss
due to microtubule depolarization.65–67 The singlet
oxygen (1O2) generated during PDT causes endo-
thelial regulation imbalance of vascular relaxation.
Thus, the vascular resistance to photo-induced
oxidative stress decreases, resulting in the redis-
tribution of calcium, reduction of in°ux and cal-
cium release from intracellular storage.68–71 In our
study,48,49 using markers of neurovascular units
such as SMI (the vascular endothelial cells), lam-
inin (the basal membrane), and GFAP (the
astrocytes), we show their disorders resulting in an
increase of the BBB permeability, therefore, the
tested tracer (dextran, 70 kDa or liposomes) pas-
sed through the vascular endothelium and the
basal membrane with further distribution between
astrocytes (Fig. 3).

Our results uncovered the elevated expression of
ARRB1 that is the marshal in signaling trans-
membrane processes, and decreases in the expres-
sion of CLND-5 and VE-cadherin as main compo-
nents of BBB integrity.52,72,73 We assume that the
ARRB1 induced the internalization of CLND-5 and
VE-cadherin, accompanied by the loss of surface on
these proteins in space between endothelial cells,
which can be one of the mechanisms underlying
PD-induced opening of BBB for liposomes. Our
hypothesis is based on the results of other experi-
ment demonstrating the mechanism of BBB dis-
ruption via ARRB2-mediated internalization of
VE-cadherin induced by vascular endothelial
growth factor (VEGF). The elevated expression of
ZO-1 during PD-mediated opening of BBB on the
background of lowered expression of CLDN-5 and
VE-cadherin could also suggest disordered interac-
tions of TJ proteins.74 Our results are consistent
with data of other research showing that PDT has a
direct e®ect on increasing the gaps of the TJs be-
tween endothelial cells via changes of the cyto-
skeleton, vascular tone loss due to microtubule
depolarization.75

In our work, we used 5-ALA, which is a por-
phyrin precursor. One of the mechanisms by which
porphyrin causes PDT e®ects is an elevation of
expression of heme-transport protein (HCP1),
which is capable of transporting porphyrin com-
pounds. Recently, it has been shown that HCP1
expression is associated with increased reactive
oxygen species production and hypoxia76 that
we observed in our work. We suppose that PDT-
induced increase in oxidative stress associated
with mild hypoxia and changes in TJ and
adherens junction proteins might be one of the
mechanisms underlying PD-related BBB opening
for liposomes.

While PDT results in direct phototoxic tumor-
icidal e®ect, it also has been shown that PDT can
cause a variety of vascular e®ects ranging from
transient vasospasm, increased vessel leakiness, and
vessel wall disintegration ending in vessel close-
down.77–80 In this context, PDT induced vessel
leakage has been reported to induce signi¯cant
brain edema by a variety of photosensitizers.81–83

Our data also demonstrate that there are age
di®erences in PDT-related opening of the BBB
(Fig. 4). The cerebral vessels of 4 weeks old mice are
more sensitive to PDT-mediated changes in the

PDT of brain tumors and OCT in vivo monitoring of cerebral °uid dynamics
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BBB permeability compared with 8 weeks old
animals. The young mice demonstrated more sig-
ni¯cant increase in the leakage of Evans Blue and
70 kDa FITC-dextran after application of low
and middle doses of laser (10–30 J/cm2) that ac-
companied by the development of more pronounced
perivascular edema. The formation of vasogenic
edema after PDT also has been shown in other
works.44,83,84 One of the mechanisms responsible for
extensive °uid accumulation in the perivascular
space (PVS) of brain is disruption of TJ complex
and imbalance in the control of expression of
aquaporins channels in the astrocytes and the
vascular endothelium.85,86

The newly discovered e®ects of PDT on the BBB
permeability open novel strategies for drug-brain
delivery, especially for post-surgical treatment of
GBM. The novel understanding of age-di®erences in
PDT-mediated opening of the BBB and associated
with this vasogenic edema is an important data for
better understanding of mechanisms underlying
cerebrovascular e®ects of PDT-related °uorescence

guided resection of brain tumor and for improving
guidelines for PDT of GMB.

3. PDT-Mediated Opening of the BBB

and the Meningeal Lymphatic
System

The main function of the lymphatic system is the
°uid drainage, i.e., to return the excess of the in-
terstitial or extracellular °uid back to the venous
circulation. However, the situation with the brain is
di®erent due to the presence of the BBB that limits
the entrance of °uids, molecules, and cells into the
brain parenchyma. Over two centuries there was a
dogma about the isolation of the brain from the
immune system due to the lack of the lymphatic
vessels within the CNS.87–97 Nevertheless, the lit-
erature is ¯lled with ¯ndings of a physiological re-
lationship between the brain drainage and the
lymphatic system of head and neck.87–103 The re-
discovery of the meningeal lymphatics and ¯nding
of the presence of the lymphatic vessels in the brain

Fig. 4. The illustration of age di®erences in PDT-induced opening of the BBB. Histological analysis clearly demonstrates that
PDT-induced opening of the BBB is accompanied by brain edema in laser °uence depended manner that is more pronounced in
juvenile mice compared with adult mice. Ctr – the control group, no solute leakage; laser (10–20–30–40 J/cm2Þ causes the
perivascular edema (black arrows), which looks as empty spaces around cerebral vessels.48
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tissues gave a new impulse in the reassessment of
classical explanation of the role of the lymphatics in
the brain drainage.98,104,105 In these studies, which
were performed on rodents and human brain, it was
clearly demonstrated that the meningeal lymphatic
vessels are localized along the main cerebral venous
sinus and express all of the molecular hallmarks of
lymphatic endothelium.

In our study, we tested the hypothesis about the
recruitment of the meningeal lymphatics by the
BBB opening and that these changes are an im-
portant for stimulation of the brain drainage and
clearing (Fig. 5). We used two methods for the BBB
opening — the sound that induces the mild BBB
opening and PDT causing the strong BBB leakage
with the accumulation of extensive °uids in the
PVS.106,107 Indeed, using confocal imaging of dex-
tran extravasation and spectro°uorimetric assay of
Evans Blue albumin complex level in the brain tis-
sues, we showed opening of the BBB for these tra-
cers that was more pronounced in the PDT group
vs. the sound group. These changes stimulated the

brain drainage with an increase in the volume of
cerebral spinal °uid (CSF) in the cisterna magna
that was also more pronounced in the PDT group
vs. the sound group. The BBB-mediated activation
of the brain drainage can be explained by the hy-
pothesis of Monro and Kellie.108 The constitutions
of the brain (the blood, CSF, intestinal °uid) create
a state of volume equilibrium such that any increase
in the volume of one of the cranial constitutions
would be compensated by a distribution of the
volume of another. The BBB opening is accompa-
nied by an in°ux of °uids and di®erent molecules in
the brain tissues that in some cases (PDT-induced
opening of the BBB) causes the vasogenic edema or
accumulation of extensive °uids in the brain pa-
renchyma. We assume these changes stimulate the
brain drainage of °uids in a way to keep the ex-
tracellular homeostasis. Our results clearly show
that PDT caused the strong the BBB leakage that
was associated with vasogenic edema and with a
signi¯cant increase in the CSF volume in the cis-
terna magna vs. the control group. The mild BBB
disruption by sound was not associated with visible
(histological data)106 changes in the PVS and the
changes in the CBF volume in the cisterna magna
were within a normal range.109 We hypothesize that
mild changes in the BBB might be completely
compensated by an activation of the brain drainage
and clearing system as in the case with sound-
related opening of the BBB. While a strong BBB
leakage (PD-induced opening of the BBB) causes
a quick and signi¯cant °uid in°ux in the brain
parenchyma that cannot be compensated immedi-
ately by the drainage system of the brain and
requests a longer time for recovery.110

Our results con¯rmed the hypothesis about the
recruitment of the meningeal lymphatics and its
involvement in the brain drainage. So, the com-
parison between the PDT/sound groups clearly
demonstrates that opening of the BBB is accom-
panied by signi¯cant an increase in the diameter of
the meningeal lymphatic vessels that is equivalent
to the intensity of BBB disruption and to the CSF
accumulation in the cisterna magna. The changes in
the lymphatic vessels associated with the BBB
opening might be explained by the similar structure
of the lymphatic vessels and the BBB. Indeed, the
lymphatic vessels are composed by TJ proteins
such as claudin-5, a family of ZO proteins, endo-
thelial selective adhesion molecule; adherents junc-
tion proteins (VE-cadherin); junctional adhesion

Fig. 5. (Color online) Fluorescent microscopy of clearance of
FITC-dextran (red color) from the brain via the meningeal
lymphatic vessels (green color, labelled by speci¯c antibodies
LYVE-1 conjugated with Alexa 488). The FITC-dextran
injected intravenously immediately is observed in the Sagittal
sinus (the main cerebral vein) and after PDT-opening of the
BBB it is also presented in the meningeal lymphatic vessels due
to activation of clearance of FITC-dextran from the brain
parenchyma.107
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molecule-A and PECAM-1/CD31.111,112 The open-
ing of the BBB is accompanied by disbalance in
expression of indicated proteins113 that can in°uent
the complex of these proteins in the lymphatic
system. However, this hypothesis requires further
more detailed studies for con¯rmation. The activa-
tion of nitric oxide (NO) production in the lym-
phatic endothelium might be a reason of increasing
of the diameter of the meningeal lymphatic vessels
after opening of the BBB. The NO is responsible
for the reduction in the tone of the lymphatic
vessels via opening of ATP-sensitive K(þÞ chan-
nels.112,114–117 The impact of NO on lymphatic tone
has been extensively studied using pharmacological
modulation of NO synthase.112,114,118,119 However,
the NO e®ects on the lymphatic endothelium
strongly depend on the initial conditions.117,120 The
relaxation of the lymphatic vessels also depends on
the oxygen level in the lymphatic system. The low
oxygen tension (8–35mmHg) in lymphatics vs.
surrounding tissues promotes an increase in NO
bioavailability and dilation of the lymphatic
vessels.115

We also revealed that the meningeal lymphatics
is the pathway in the brain clearing. Indeed, con-
focal imaging showed the presence of dextran in the
meningeal lymphatics after its crossing of the BBB
from the blood and accumulation in the brain pa-
renchyma. Aspelund et al. also showed the in-
volvement of the meningeal lymphatics in the brain
clearing from high weight molecules.104 This group
was not focused on the study of interaction between
the BBB and the meningeal lymphatics but they
used injection of tracers directly into the brain pa-
renchyma that might destroy the BBB structure
and stimulate brain drainage as well.

Although that the important role of the nasal
and cervical lymphatics in the brain drainage has
been discussed by Schwalbe,100 Cserr and Knopf,97

Kida et al.,91 Koh et al.,96 Abbott,94 and more re-
cently by Aspelund et al.104 and Louveau et al.,105

no the anatomical pathway for brain drainage has
been clearly demonstrated. It is more likely that
the meningeal lymphatics and probably obtained
recently the cerebral lymphatic vessels98 are most
prominent pathway for the lymphatic drainage of
brain °uids and the connective bridge between the
meningeal/cerebral and peripheral lymphatics
(Fig. 6).

These data shed light on the role of the menin-
geal lymphatics in the mechanisms underlying the

neuropathology and open novel strategies for a
noninvasive stimulation of lymphatic brain drain-
age, which is also discussed by Kipnis's group.121

The better understanding of the physiology of
the lymphatics in the brain will give new knowledge
about the role of lymphatics in the rehabilitation of
the brain functions after neural pathologies. The
ability to stimulate lymph °ow in the brain is likely
to play an important role in developing future in-
novative strategies in neurorehabilitation therapy.

However, there is no clinical technique and only a
few expensive approaches in experiments for the
study of functions of the meningeal lymphatic sys-
tem that limits a progress in this ¯eld. Two-photon
microscopy is used for the study of behavior of
°uorescent meningeal lymphatic vessels in trans-
genic mice, which are expensive and not widely
available for the experimental work.104 MRI of
meningeal lymphatics is also proposed as a novel
method for in vivo study of meningeal lympha-
tics.122 But, this method does not give good images
due to the very small size of meningeal lymphatic
vessels even in human and monkey. MRI is not a
bedside technique and cannot be used widely in
clinics and experiments. Therefore, development of
novel tools for in vivo study of functions of menin-
geal lymphatics is an actual and urgent problem in
neurophysiology.

4. Optical Coherence Tomography

for in vivo Imaging of Meningeal
Lymphatic System

Optical coherence tomography (OCT) is a wide-
spread tool for in vivo imaging of tissues.123,124 By
being an interference technique it detects the in-
terference pattern (coherent sum) of reference light
and light that was backscattered from the sample.
Due to low coherence property of a used light source

Fig. 6. The schematic illustration of function of meningeal
lymphatic system. The molecules crossing the opened BBB
eliminate from the BBB via the meningeal lymphatic system.
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only light that being directly re°ected from a
narrowly localized volume (known as coherence
volume) from the sample arm involved into the in-
terference formation. This process is the same as in
a traditional confocal microscope, where two phys-
ical conjugated apertures are used to block un-
wanted light from entering the detector. The
more optical frequencies are used to form an inter-
ference signal, the better is the axial resolution.
Mathematically this wrote as:

lc �
�2
0

��
; ð1Þ

where lc is the length of coherence volume is axial
direction, �2

0 and�� are the central wavelength and
spectral bandwidth of the light source respectively.
For a transverse resolution the formula is the same
as for a classical bright-¯eld microscope

resx;y � 0:61
�0

NA
; ð2Þ

where �0 is the central wavelength of a light source
and NA is the numerical aperture of a used lens. It is
a unique property of an OCT system to unbound
axial and transverse resolution from one another
thus axial resolution is independent of a used lens.

In present time OCT system usually divided in
two types: less common time-domain and widely
used spectral-domain (SD).

In a rough approximation, from an OCT point of
view the sample is just a combination of elementary
re°ective layers (refractive index inhomogeneities)
distributed along the depth axis of the sample. A
light wave that being re°ected from a particular
depth is then coherently combines with the refer-
ence wave. Such process is repeated for all elemen-
tary re°ective layers.

In time-domain systems such detection is
achieved by mechanical movement of a reference
mirror to match the optical path delay between
sample and reference mirror. This is rather slow and
tedious procedure (from the point of view of phase
stability and repeatability of the motion) so comes
the new detection scheme which implies operation
in spectral domain to perform detection of spectral
properties of the OCT signal.

It should be pointed out that with depth the
phase delay between sample wave and reference
wave is increasing. This means that deeper layers
produce interference fringes with progressively

higher frequencies. It is convenient to think of an
OCT signal as a superposition of such oscillations
with di®erent frequencies, mathematically this can
be written as

IðkÞ ¼ SðkÞje�inkzi þ eikzref j2; ð3Þ
where IðkÞ is the intensity distribution at the
spectrometer detector, SðkÞ is the spectral intensity
distribution of a light source, k is a wave number, n
is the refractive index of a sample, zi and zref
are elementary re°ective layer position and refer-
ence mirror position relative to the given origin.
Equation (3) looks like a Fourier transform of a
spectral intensity distribution, isn't it? From this
observation such types of OCT is also known as
Fourier domain ones. To reconstruct the depth re-
solved signal, also known as A-scan, inverse Fourier
transform of Eq. (3) should be taken.

Both structural and functional information
about the specimen can be extracted from the OCT
signal.123–128 There are two major types of OCT
systems commercially available on the market: SD
and swept-source (SS). SDOCT is based on a
broadband light source, typically super lumines-
cent diode (SLD) and spectroscopic device to per-
form parallel (relative to wave-number) detection
of the interference signal in a frequency domain.129

High acquisition rates can be achieved with this
setup but the detection scheme of SDOCT implies
some fundamental limitations on the signal. The
¯nite resolution of the spectroscopic device im-
paired with a linear array of evenly spaced photo-
detectors contributes the most to the well-known
SDOCT signal \fall-o®."130 This assumption is
made for low-NA scanning lenses, which is usually
the case of a conventional OCT system. In a case of
high-NA objectives (referred as OCM131) focusing
on a particular range of depths is required for op-
timal performance due to low depth-of-¯eld of such
lenses. Opposed to the SDOCT, SS systems use a
swept source laser with a relatively narrow spectral
line which can be swept across a ¯nite range of
frequencies. The intensity of an interference pat-
tern at particular narrow optical frequency band is
then detected by a single photodiode, thus greatly
reduces the \fall-o®" e®ect with a trade-o® of less
acquisition speed compared to the SDOCT
systems.

Lymph °uid due to its relatively high transpar-
ency in a broad spectral range and low

PDT of brain tumors and OCT in vivo monitoring of cerebral °uid dynamics
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concentration of lymphocytes is barely can be im-
aged by an OCT system. Besides that, the menin-
geal lymphatic system consists of fairly small vessels
of order of the tenth microns,100 thus required a
high NA objective and dense lateral scanning to
properly sample them. Perspective way to overcome
such concerns is to introduce some sort of contrast
agent into the lymph °uid to increase number of
ballistic photons re°ected from lymphatic vessel
°ow. Composite gold nanorods (GNRs) are widely
used particles for such purpose.132 By adjusting
their length and diameter, the plasmon resonance
can be precisely tuned to match the central wave-
length of the OCT's light source.

Advanced methods of OCT signal processing
based on the intensity and phase analysis as
well as sophisticated protocols for spectroscopic
OCT133–135 were developed recently to compute the
distribution of GNRs within tissues and enhance
OCT signal from the small blood vessels.

For intensity and phase angiography approaches
GNRs serves the same role as red blood cell (RBCs)
in a regular blood vessel — time-varying inhomo-
geneity with random intensities and phases of the
scattered light. As a result of such interactions,
dynamic speckles arise within the vessel to which an
extensive set of micro-angiography algorithms can
be applied.136

The detected quantity in the SD or SS OCT is
the spectrum of the interference pattern. Due to
strong plasmon absorption and scattering, GNRs
will induce spectral changes in the light back-
scattered from the sample. By performing spectro-
scopic based signal processing it is possible to
enhance the detection sensitivity of GNRs.135 An-
other approach is to apply a spectral mask to limit
the spectral band for OCT signal reconstruction to
one that ¯ts closely to the peak of plasmonic ex-
tinction for better sensitivity, but in a trade-o® of
axial resolution.

The example of meningeal lymphatic vessels
(indicated by arrow) is shown in Fig. 7 without (left
frame) and with (right frame) presence of GNRs
inside the lymphatic °uid. In the white rectangle,
there is a blood vessel with strong OCT signal
and notable shadowing \tail" beneath due to the
multiple scattering in a large fraction volume
of RBCs.

These images were obtained using GANYMEDE,
Thorlabs Inc. OCT system with technical char-
acteristics listed in Table 1.

5. OCT Analysis of Cerebral Blood
Flow and Lymphatic Drainage in

Malignant Brain Tumor During

Photomodulation

If for some reasons brain lymphatic vessels could
not be imaged directly, it is still possible to detect
the modulated response indirectly by monitoring
°uid in the lymphatic nodes outside the brain.

A B-mode OCT scan of a well-developed deep
lymphatic node is shown in Fig. 8. Many voids with
background level of OCT signal can be located on
this image. By injecting GNRs in the cortex they
will be collected by the lymphatic drainage system
and guided outside the brain directly into the lym-
phatic nodes at a speci¯c rate which can be modu-
lated by either laser or other stimuli. As the
concentration of GNRs inside these voids increases
so does the OCT signal. In Fig. 9 OCT signal from

Fig. 7. E®ect of GNRs presence inside a lymphatic °uid on
OCT signal. There is a strong signal rise after the injection of
GNRs (right panel) due to increased scattering from within the
lymphatic vessel. The lymphatic vessel is marked by an arrow;
blood vessel is marked by the white rectangle.

Table 1. Technical speci¯cations of the GANYMEDE OCT.

GANYMEDE OCT, Thorlabs inc.

Central wavelength 930 nm
A-scan rate 30 kHz
Imaging depth (theoretical maximum) 2.7mm
Axial resolution (water) 4.4�m
Transverse resolution (theoretical

maximum)
12�m

Field of view (FOV) 3:2mm� 3:2mm

A. Abdurashitov, V. Tuchin & O. Semyachkina-Glushkovskaya
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the void became comparable with OCT signal of
surrounding static tissue in 60min after intra-cortex
injection when concentration of nanoparticles sig-
ni¯cantly increased.

Micro-angiography techniques became the most
popular methods for blood vessels mapping in
OCT.126,136 Unlike Doppler protocols125 they are
angle free, robust and easy to implement. In general,
they are based on the analysis of the time-variant
intensity of speckle structures, produced by a
moving RBCs within the vessel. Standard scanning
protocol employs a number (usually 4) of consecu-
tive B-scans in the same spatial location of the
sample at some time interval. A variance of inten-
sity °uctuations at each pixel of these B-scans is
computed using the following equation:

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N � 1

X
N

ðIðxN ; zÞ � �I Þ2;
s

ð4Þ

where N is the number of B-scans in the same lo-
cation, IðxN ; zÞ is the instantaneous intensity of a
given pixel, �I is the mean intensity of a given pixel.
Since it is an intensity based approach, it is very
important to correctly adjust the histogram of raw
B-scans to achieve maximum sensitivity. Here a
semi-automatic algorithm for histogram adjustment
based on noise analysis inside a region of interest
(ROI) was shown. Histograms of the whole B-scan
and the noise ROI were plotted in Fig. 10.

Maximal value of background noise histogram
was then used as a threshold to adjust the histo-
gram of a whole B-scan, namely its intensity values
was mapped in a range of ½PmaxðnoiseÞ; 1�, where
Pmax is the most frequent intensity of the noise
(vertical red line in Fig. 10). Figure 11 shows the
raw B-scan (left panel) and an adjusted B-scan
(right panel).

This procedure is done to eliminate small noise
signals which °uctuate with time and may cause
unambiguous results after computing speckle vari-
ance. To see the e®ect of such histogram correction
speckle variance maps were computed using Eq. (1)
before and after applying the intensity correction
algorithm. Results are presented in Fig. 12.

Because of high noise inclusion in intensity °uc-
tuations, their variance is masking the variance of
speckle pattern and no useful data can be extracted.
In contrast to that, after the application of intensity
adjusting algorithm most of the noise is mapped to
0 and, therefore, no masking is occurred. Bright

Fig. 8. OCT image of deep lymphatic node.

Fig. 9. Time-dependent B-scan intensity changes as the local concentration of GNRs increases: (a) scheme of OCT measurement of
GNRs accumulation in deep cervical lymph node; (b) anatomical position of the deep and super¯cial cervical lymph nodes in the
neck of mice; (c) example of OCT image of deep cervical lymph node before and 60 min after the start of OCT recording (more
bright square means a bigger concentration of GNRs in the deep cervical lymph node).
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Fig. 10. A comparison between whole B-scan histogram and a histogram of background noise.

Fig. 11. Raw — left and intensity adjusted — right B-scan.

Fig. 12. Speckle variance maps computed before (left) and after (right) intensity adjustment algorithm.
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spots in Fig. 6 on right panel are the blood vessels
and they are clearly distinguishable from the semi-
static surrounding tissue.

With this algorithm in mind study of vascula-
ture changes in presence of meningeal brain tumor
was carried out. Scanning protocol was described
as follows: area of the exposed cortex of 2 by 2mm
was probed with the spatial interval of � 8�m
which is equal to 256 A-lines at a rate of 30 kHz in
a single B-scan. Four B-scans were repeatedly ac-
quired in the same spatial location then moving
the next region. After scanning each of the B-scan
was processed using the proposed intensity cor-
rection algorithm, a bundle of four B-scans is then
got transformed into one speckle-variance map
according to Eq. (1). The ¯nal step is to apply a
\Tubeness" plugin ¯lter with a sigma value of 3
(Fiji plugin [https://imagej.net/Tubeness]) to en-
hance the contrast between vessels and surround-
ing tissues. This ¯lter is designed to compute a
Hessian matrix at every pixel of an image and
analyze its elements to produce a score for how
\tube-like" each point is. Maximum intensity
projection of � 400�m thick layer of the cortex
was done along the axial direction to obtain vessel
topography in a case of control (Fig. 13 left panel)
and developed glioma (Fig. 13 right panel). Due
to relatively low scanning speed of 30 kHz it is
required about 30 s to scan along the area of 2 by
2mm. In such time scales motion artifact are in-
evitable and as a result, characteristic horizontal
stripes of high variance are presented on both
images.

6. Perspectives for in vivo Studies
in Animals and Humans

The developed in vivo methods of optical imaging of
the cerebral cortex for the analysis of its structural
and functional architecture with high spatial-
temporal resolution have shown tremendous
advantages in studies of neurons, glia and the
microvasculature. In animal studies, craniotomy is
being widely used to create transparent windows in
the skull by completely or partially removing all of
these tissues in order to reduce the strong light
scattering by the scalp and bone of the skull over
the cortex. During long-term experiments, the hole
can be periodically closed with a special window.137

In medical practice, in some cases, in treating
diseases such as brain tumors, subdural or epidural
hematomas, hydrocephalus, small holes are drilled
in the bones of the human skull, which may be
necessary for the insertion of a medical device, re-
moval or biopsy of a brain tumor. Although drilling
a hole in the skull is a serious procedure, it is rela-
tively routine.139 Holes can be repeatedly used.
After the holes are no longer needed, they are usu-
ally covered with titanium plates.

Such windows can also be used for optical or laser
brain irradiation, for example, for the temporary
opening of the BBB in the treatment of cancer of the
brain, especially in the case of intensive therapy.
However, the creation of such windows has signi¯-
cant problems. Therefore, it is desirable to avoid
drilling holes in the bones of the skull or thinning it
by removing parts of the bone. In 2004, we ¯rst
proposed to provide optical clearing of the skull bone

Fig. 13. Maximum intensity projection of super¯cial cortex layer shows dense vessel topography in both cases of control (left
panel) and 8 days developed glioma (right panel).
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using immersion optical clearing agents (OCAs).139

This method, as minimally invasive, found further
development in a number of works.140–142 In the
works of Dan Zhu's group, the technology of im-
mersion optical clearing (IOC) of the skull bone re-
ceived its further development.143,144 To obtain a
clear image of the cerebral cortex, usually four suc-
cessive stages of the procedure are needed: immobi-
lization of the animal, incision and loosening of the
scalp °ap, IOC of the cranial bone using an appro-
priate OCA, and reverse recovery of the optical
properties of the skull bone after exposure to saline.

OCA is usually introduced as a thin coupling
layer on top of the skull to °atten the surface and
induce the optical clearing e®ect. Thick layers
should be avoided because of the fact that Fourier
domain OCT systems have limited (by the nature of
the detection scheme) imaging depth that do not
depends on the optical properties of the sample.
Thus, thick OCA will consume the most part of
working imaging depth and focusing at the deeper
sample's layers will cause an aliasing (overlay of
super¯cial and deep layers of the sample). To per-
form functional studies with presence of OCA the
last should be chosen to provide negligible e®ect
(ideally not a®ects) on functional parameters such
as blood or lymph °ow.

In severe cases in humans, in addition to skin
incisions, it is possible to drill the entire thickness of
the skull bone up to the dura mater and bring the
distal tip of the ¯ber directly to the surface of the
dura mater. Since in medical practice, in some cases,
when treating such diseases as brain tumors, small
holes are drilled in the bones of the human skull,
this hole, made without disrupting the integrity of
the dura mater, can be used to introduce a ¯ber for
laser irradiation of the deep brain regions to open a
BBB and conduct appropriate drug or provide
phototherapy, as well as to monitor the results of
therapy with endoscopic OCT. The integrity of
dura mater is very important in terms of main-
taining normal intracranial pressure and preventing
infection of brain tissue. Drilling a hole in the skull
is a fairly routine procedure.138 Such openings can
be multiply reused.

7. Conclusion

The PDT is a promising tool for mini-invasive di-
agnosis of therapy of brain tumors. The newly dis-
covered e®ects of PDT on BBB permeability open

novel strategies for drug-brain delivery, especially
for post-surgical treatment of GBM. This novel
knowledge about mechanisms of PDT e®ects on the
permeability of cerebral vessels is an important data
for better understanding of PDT-related brain
edema, which is the main consequence after PDT of
GMB. The newly discovered meningeal lymphatic
vessels and their crucial role in brain drainage and
clearance system open new strategies for e®ective
prevention of °uid accumulation in the brain after
PDT. The augmentation of meningeal lymphatic
function might be a promising therapeutic target for
preventing of PDT-related brain edema. Non-inva-
sive photonic stimulation of °uid clearance via
meningeal lymphatic and application of OCT for
bed-side monitoring ofmeningeal lymphatic drainage
have the promising perspectives to be widely applied
in both experimental and clinical studies of PDT and
improving guidelines of PDT of brain tumors.
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