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Abstract

Background Melphalan, as a treatment for retinoblastoma,
has been applied intra-arterially by catheterisation of the oph-
thalmic artery or intravitreally, aiming to reduce systemic side
effects of intravenous drug therapy. This study evaluates reti-
nal toxicity of different melphalan concentrations measured
by electroretinogram (ERG) in an isolated and perfused retinal
whole mount culture.

Methods For functional testing, bovine retinas were prepared
and perfused with an oxygen-saturated standard solution and
the ERG was recorded until stable b-wave or a-wave ampli-
tudes were reached. Thereafter, retinac were exposed to 80,
160 and 320 pg/ml of melphalan for 30 min. After exposure, a
washout was performed thrice for5 min each and the ERG
amplitude recovery was monitored for 60 min. To investigate
the effects on photoreceptor function, 1-mM asparate was
added to suppress the b-wave and obtain isolated a-waves.
Results While no toxic effects for a concentration of 80 pg/ml
were observed, both b- and a-waves were significantly re-
duced after application of 160 (b-wave 43.8 %, p=0.03; a-
wave 28.2 %, p=0.04) and 320 pg/ml (b-wave 20.0 %, p=
0.04; a-wave 35.8 %, p=0.02). For 320 pg/ml, this reduction
remained significant at the end of the washout (b-wave 40.0 %
p=0.02; a-wave 26.4 %, p=0.02).
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Conclusions Epiretinal or intraretinal concentrations of
80-upg/ml melphalan do not cause toxic effects in this
in vitro model. Concentrations higher than 160 pg/ml should
be avoided.
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Introduction

Retinoblastoma is the most common malignant intraocular
tumor in children. The incidence is 1/15,000-20,000 live
births [1]. Prognosis depends considerably on time of initial
diagnosis and on the tumor stage [2]. To date, there are differ-
ent treatment options depending on size and stage: radiother-
apy, chemotherapy, laser photocoagulation, cryotherapy, or
enucleation [3, 4]. Survival of the child and reducing side
effects of systemic therapy are the main therapeutic goals. It
is a therapeutic challenge to find a way to control tumor
growth, preserve the eye and retain best possible visual acuity.

Radiotherapy was first established in the early 1950s for
the treatment of retinoblastoma. Due to an increased risk for
the development of secondary tumors, chemotherapy
and focal laser treatment have replaced radiotherapy
widely [5]. However, radiation therapy still is an option
for some indications [6].

In 2004, Yamane et al. introduced the concept of highly
selective intra-arterial chemotherapy where a catheter is
placed in the ophthalmic artery allowing for selective drug
infusion, e.g., melphalan [7]. The great advantage of this tech-
nique is the reduction of systemic side effects while achieving
high tissue levels of the agent resulting in reduction of tumor
size [8, 9].
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Other possibilities of drug application include periocular or
intravitreal injection. Intravitreal treatment seems promising in
selected cases and is mainly applied as adjunctive treatment,
especially when there are persistent tumor infiltrations of the
vitreous. Melphalan was first described in 1953 and has been
mainly used in the treatment for multiple myeloma [10]. It is an
alkylating agent that is not cell-cycle specific. Up to 90 % of
melphalan is bound to plasma proteins and penetration of the
blood brain barrier is rather low [10]. Due to hydrolysis, it has a
short half-life of only 60 min [11]. While there is much data on
systemic side effects, investigations regarding retinal toxicity
are rare [12]. There are reports on occlusive vasculopathy and
chorioretinal atrophies after intraarterial injection of melphalan,
mostly due to intraoperative vasospasm [ 13]. Discussions about
the optimal concentration of intraarterial or intravitreal injection
are ongoing [14-16]. The goal of this study was to find the
maximal, non-toxic epiretinal concentration of melphalan in
an experimental setup, thus increasing the safety of future clin-
ical applications..

Materials

Aspartate, glucose and other chemicals were obtained from
Merck (Merck Pharma GmgH, Darmstadt, Germany) at pro
analysis grade. Melphalan (Alkeran®) was purchased (Aspen
Pharma Trading Limited, Dublin 24, Irland) and diluted in
nutrient solution containing 120-mM NacCl, 2-mM KCl, 0.1-
mM MgCl,, 0.15-mM CaCl,, 1.5-mM NaH,POy,, 13.5-mM
Na,HPO, and 5-mM glucose.

Methods

The experimental setup is described in previous publications
[17]. In brief, the electroretinogram (ERG) was recorded in the
surrounding nutrient solution via two silver/silver-chloride

Fig. 1 Schematic of the
experimental set-up: The nutrient
solution (a) superfuses the retina
in an isolated box, where the
retina is stimulated with an
epiretinal flash with an intensity
of 6.3 mlx (b). After filtering and
amplification with the Grass
RPS312RM amplifier (¢), data is
recorded and analyzed (d)
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electrodes on either side of the retina with a constant perfusion
velocity of 1 ml/min. Temperature was kept constant at 30 °C
(Fig. 1a). The nutrient solution was pre-equilibrated and satu-
rated with oxygen. Retinas were dark-adapted and the ERG
was elicited at intervals of 5 min using a single white xenon
flash for stimulation (flash intensity was set to 6.3 millilux
(mlx) at the retinal surface, Kodak Wratten filter, Fig. 1b).

The duration of light stimulation was 10 microseconds
controlled by a timer (Photopic Stimulator PS33 Plus; Grass,
Warwick, RI). The ERG was filtered and amplified (100-Hz
high filter, 50-hz notch filter, 100,000 amplification) using a
Grass RPS312RM amplifier. Data were processed and con-
verted with an analog-to-digital data acquisition board (PCI-
MIO-16XE-50; National Instruments, Austin, TX, Fig. 1c) on
a desktop computer (PC-compatible, Fig. 1d).

Each retina was superfused with the serum-free nutrient
solution and stimulated repeatedly until stable b-wave ampli-
tudes were recorded. Retinae were exposed to melphalan at
concentrations of 80, 160 and 320 pug/ml in an oxygen-
saturated solution for 30 min. For security reasons, retinae
were exposed to melphalan under an extractor hood protected
from light. This was followed by a triple 5-min washout phase
in nutrient medium. Then the ERG recording was continued
for 60 min to monitor a possible recovery. The b-wave ampli-
tude was measured from the trough of the a-wave to the peak
of the b-wave.

To investigate the effect on the photoreceptor potential un-
der scotopic conditions, the b-wave was suppressed by adding
1-mM aspartate to the nutrient solution. Aspartate is an inhib-
itor of synaptic transmission at the level of the first retinal
synapse, thus unmasking the photoreceptor potential P III by
abolishing the b-wave. Under these conditions, we were able
to investigate the influence of different concentrations of mel-
phalan on the photoreceptors. Five measurements each were
taken for a- and b-waves.
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After recording a stable photoreceptor potential for 30 min,
we proceeded as described before using the same exposure
times. The changes of the a-wave amplitude were recorded;
recovery was followed up for 60 min. We calculated the per-
centage reduction of the a- and b-wave amplitudes after the
different applied concentrations.

Data analysis

Normal distribution was ensured for all data. The reduction of
the ERG amplitude at the end of the 30-min exposure period
was compared to the last amplitude measured before adding
melphalan. The a- and b-wave amplitudes at the end of the
experiment were compared to the corresponding amplitudes
before exposure.

For statistical analysis, data was calculated throughout as
the mean+standard deviation (SD). Significance was estimat-
ed by the student’s paired #-test, and p<0.05 was considered to
indicate a statistically significant difference.
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Fig. 2 Effects of 80-pg/ml melphalan applied for 30 min on the a-wave
(a) and b-wave (b) amplitude of the ERG of an isolated perfused bovine
retina, average of representative drug series (n=>5). The horizontal bar
above the curve marks the application. Three representative standard
deviations for each drug series are given directly before and after
application as well as at the end of the trial

Results

Stable ERG amplitudes were obtained approximately 2 h after
perfusion of the retinal whole mounts with standard solution.
Environmental parameters such as pH, osmotic pressure, tem-
perature and pO, remained unchanged during all tests.

After exposure to 80-g/ml melphalan, an initial decrease of
the b-wave amplitudes of 15.4 % was noted, which was not
statistically significant (p>0.05). At the end of the washout, a
recovery was noted, but b-waves remained reduced by 5.8 %
compared to the baseline value. This change was not statisti-
cally relevant (p>0.05, Fig. 2b). Exposure to a concentration
of 160-pg/ml melphalan resulted in a statistically significant
reduction of 43.8 % (p=0.03) directly after exposure. At the
end of the washout phase, the amplitude remained reduced by
14.6 %. However, this reduction was not significant (p>0.05,
Fig. 3b). For the highest concentration of 320-pg/ml melpha-
lan, there was only a slight initial decrease of 20.0 % directly
after exposure, which was significant (»p=0.04). This was
followed by another decrease of 40.0 % compared to the am-
plitudes before exposure. For the decrease of 40 %, statistical
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Fig.3 Effects of 160-pg/ml melphalan applied for 30 min on the a-wave
(a) and b-wave (b) amplitude of the ERG of an isolated perfused bovine
retina, average of representative drug series (n=5)
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significance was reached (p=0.02, Fig. 4b). An overview of
the results is given in Table 1.

In order to investigate the effects of 80-, 160- and 320-pg/
ml melphalan on the isolated photoreceptor function, 1-mM
aspartate was added to the standard solution. Having reached
steady a-wave amplitudes, we proceeded as with the recording
of the b-wave amplitudes. After exposure to 80-pg/ml mel-
phalan, an initial insignificant decrease of 21.6 % (p>0.05)
was measured. This continued throughout the washout phase.
At the end of the experiments, the reduction of a-wave ampli-
tudes remained unchanged (reduction of 21.6 %, p>0.05,
Fig. 2a). After exposure to 160-pg/ml melphalan, an initial
decrease of 28.2 % was observed. This decrease was statisti-
cally significant (p=0.04), followed by a slight recovery. At
the end of the washout, only a reduction of 10.9 % was re-
corded, which was not statistically significant (p>0.05,
Fig. 3a). For a concentration of 320-pg/ml melphalan, we
found significantly reduced amplitudes of 35.8 % directly af-
ter exposure (p=0.02). The a-wave amplitudes remained re-
duced until the end of the washout (reduction of 26.4 %, p=
0.02, Figs. 4a). An overview is given in Table 2.
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Fig. 4 Effects of 320-pg/ml melphalan applied for 30 min on the a-wave
(a) and b-wave (b) amplitude of the ERG of an isolated perfused bovine
retina, average of representative drug series (n=5)
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Table 1 Mean and standard deviation (SD) of the ERG b-wave
amplitudes.
Time 80 ug/ml SD 160 pg/ml  SD 320 pg/ml  SD
(min)  (1V) (1V) (1V)

10.2 045 102 0.84 94 0.55
5 10.6 0.55 10.0 0.71 9.2 0.45
10 10.4 0.55 10.2 0.84 9.8 0.84
15 10.0 0.71 10.2 0.45 9.6 0.89
20 10.2 0.45 9.8 045 104 0.89
25 10.4 0.55 9.6 0.89 10.0 1.00
75 8.8 2.39 54 3.65 7.8 2.05
80 9.4 1.67 4.8 277 9.0 2.55
85 9.0 1.58 6.6 4.62 7.8 295
90 9.6 1.14 7.8 4.55 6.8 2.95
95 9.4 1.52 8.2 4.76 84 2.88
100 9.0 2.00 9.0 4.80 7.6 2.70
105 10.2 1.48 8.8 3.90 7.0 3.39
110 9.2 1.64 84 451 6.6 2.70
115 94 2.61 8.0 436 7.0 4.06
120 9.4 1.95 8.6 4.04 6.6 3.65
125 9.2 2.05 7.6 3.65 7.0 2.83
130 9.8 1.64 8.2 2.68 6.0 3.08

Exposure to melphalan was performed after 25 min

In order to investigate whether the 5 min-washout conduct-
ed thrice could possibly bias the obtained results, we waited
until stable ERG amplitudes were recorded after perfusion of
the retinal whole mounts with standard solution. Retinae were
then exposed only to standard solution without melphalan,
followed by a washout phase of 60 min to observe b-wave
recovery. During those tests, no statistically significant chang-
es could be observed (b-wave reduction of 7.7 %, p=0.294, a-
wave reduction 12.0 %, p=0.208).

Discussion

The catheterisation of the ophthalmic artery and administering
melphalan or injecting melphalan directly into the vitreous
cavity are two possibilities to decrease systemic side effects,
such as bone marrow suppression, bearing the risk of infec-
tions, renal and ototoxicity and the risk of secondary cancers
[18]. This is especially significant for young patients. Local
toxicity to the sensitive neurosensory retina via diffusion or a
direct effect is possible and worth investigating. Although a
concentration of 4 pg/ml is considered to be effective against
retinoblastoma [19], these results derive from experiments in
cell cultures. Therefore, finding an upper limit for the concen-
tration of a, e.g., single intravitreal melphalan injection, is
important to the clinician, being even more important than
accumulated toxicity because of the very short half-life of
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Table 2 Mean and standard deviation (SD) of the ERG a-wave
amplitudes
Time 80 ug/ml SD 160 pg/ml  SD 320 pg/ml  SD
(min) (1) (1V) (1V)

-10.6 0.55 -104 0.55 -10.0 0.71
5 -104 0.89 -9.6 0.55 -10.6 0.55
10 -9.8 0.84 -10.0 1.00 -9.8 0.45
15 -9.6 0.55 -104 089 -10.0 0.71
20 -10.4 0.89 -10.2 084 -10.6 0.55
25 -10.2 0.84 -9.2 045 -10.6 0.55
75 -8.0 2.35 —6.6 2.61 —6.8 228
80 —6.8 3.11 —6.0 2.83 =72 2.17
85 -74 1.82 =7.0 1.58 =7.0 1.58
90 —6.6 1.95 =7.0 3.08 -74 1.52
95 -7.8 217 —8.0 3.08 —8.6 1.52
100 -74 0.89 —8.2 228 7.6 1.34
105 -7.8 277 7.6 2.30 =72 1.79
110 -8.2 2.17 =74 2.88 -7.8 1.30
115 7.6 2.07 7.8 2.39 =7.0 1.87
120 =72 3.56 —6.8 277 —6.8 1.92
125 -7.8 1.10 —8.6 2.19 =72 1.92
130 —8.0 2.45 —8.2 2.95 -7.8 1.48

Exposure to melphalan was performed after 25 min

melphalan [11]. The isolated retina model is an excellent pre-
clinical tool for determining toxic limits.

We could detect a sustained neurotoxic effect of 320-pg/ml
melphalan applied for 30 min on the inner retina, represented by
the b-wave amplitude, and on the photoreceptors, represented by
the a-wave amplitude. A reversible toxicity starts at 160 pg/ml.
Our data is supported by other publications that could detect a
toxicity in vivo [20] and in vitro, as well as clinical data [15, 20].
The isolated superfused retina model is a highly standardized
model [17] that show effects comparable to the human situation
[21]. However, the data should be considered experimental data
from an in-vitro model. Therefore, our data can be only carefully
transferred to the clinical situation.

There is a slight contradiction to other studies regarding the
safety profile of melphalan: Shimoda et al. performed pars
plana vitrectomy in albino rabbits and irrigated the eye with
different concentrations of melphalan for 1 h. They monitored
the ERG and found significantly decreased a- and b-wave
amplitudes for concentrations of 10 pg/ml and 20 pg/ml
[16]. Ueda et al. on the other hand showed a deterioration of
the ERG with a single intravitreal dose of 90 pg on albino
rabbits [14]. The rather significant difference in the findings
between Shimoda et al. and Ueda et al. can be explained by
the nature of their setup: Ueda et al. irrigated the rabbit eye
after vitrectomy for 1 h; The surgical procedure alone,
endoillumination and the flow of an intraocular solution are
all influencing factors and explain the different results [22].

Our data, on the other hand, suggest that concentrations of
80 pg/ml can be used without any toxicity. The difference
might be explained by the fact that we used a shorter exposure
time, a different animal model and an in vitro approach in our
setup. The bovine eye is more similar to the human eye. In our
experimental setup, variables such as depth of anesthesia, po-
sitioning of electrodes, surgical trauma even caused by a sim-
ple intravitreal injection are all eliminated [17]; therefore, our
results seem to reflect the human situation better. This hypoth-
esis is supported by recent literature:

Francis et al. showed a reduced ERG in a study on patients
that received 6.5 intravitreal injections of 30 pg of melphalan
weekly [20]. An intravitreal dose of 22 pg was extrapolated to
be optimal dose, and a cumulative dose of 14 mg was seen as
rather problematic. The authors cautioned treating phy-
sicians to be careful [15]. Our data suggest that a single
dose of 640 pg already shows a significant decrease in
ERG, but 320 pg did not. Since the half-life of melpha-
lan is 60 min [11] and we only tested an exposure time
of 30 min, we would suggest that the extrapolated dose
of 22 g is safe and that even higher doses can be used
for intravitreal injections.

Acknowledgments This work was supported by the Ernst-und-Berta-
Grimmke-Foundation. We would like to thank Jolene C. Hayes for her
language review and wish her all the best for the exciting times to come.
Thanks to Regina Ebenhoch for her support. Also, thanks to Till
Bechtold, Oli Borst, Sascha Hoffman, David Schilling and Andreas
Schmidt for fruitful discussions.

Conflict of interest All authors certify that they have NO affiliations
with or involvement in any organization or entity with any financial
interest (such as honoraria; educational grants; participation in speakers’
bureaus; membership, employment, consultancies, stock ownership, or
other equity interest; and expert testimony or patent-licensing arrange-
ments), or non-financial interest (such as personal or professional rela-
tionships, affiliations, knowledge or beliefs) in the subject matter or ma-
terials discussed in this manuscript.

References

1. Kivela T (2009) The epidemiological challenge of the most fre-
quent eye cancer: retinoblastoma, an issue of birth and death. BrJ
Ophthalmol 93:1129-1131

2. Dimaras H, Kimani K, Dimba EA, Gronsdahl P, White A, Chan
HS, Gallie BL (2012) Retinoblastoma. Lancet 379:1436-1446

3. Temming P, Lohmann D, Bornfeld N, Sauerwein W, Goericke SL,
Eggert A (2012) Current concepts for diagnosis and treatment of
retinoblastoma in Germany: aiming for safe tumor control and vi-
sion preservation. Klin Padiatr 224:339-347

4. Chawla B, Jain A, Azad R (2013) Conservative treatment modali-
ties in retinoblastoma. Indian J Ophthalmol 61:479-485

5. Aras Y, Akcakaya MO, Aydoseli A, Meral R, Kiris T (2013)
Multiple atypical recurrent meningiomas 13 years after radiothera-
py for unilateral retinoblastoma: case report and review of the liter-
ature. Neurol Neurochir Pol 47:80-85

@ Springer



96

Graefes Arch Clin Exp Ophthalmol (2016) 254:91-96

10.

11.

12.

13.

15.

The American Brachytherapy Society consensus guidelines for
plaque brachytherapy of uveal melanoma and retinoblastoma
(2014). Brachytherapy 13:1-14

Yamane T, Kaneko A, Mohri M (2004) The technique of ophthal-
mic arterial infusion therapy for patients with intraocular retinoblas-
toma. Int J Clin Oncol 9:69-73

Shields CL, Ramasubramanian A, Rosenwasser R, Shields JA (2009)
Superselective catheterization of the ophthalmic artery for intraarterial
chemotherapy for retinoblastoma. Retina 29(8):1207-1209
Abramson DH, Dunkel 1J, Brodie SE, Marr B, Gobin YP (2010)
Superselective ophthalmic artery chemotherapy as primary treat-
ment for retinoblastoma (chemosurgery). Ophthalmol 117(8):
1623-1629

Bayraktar UD, Bashir Q, Qazilbash M, Champlin RE, Ciurea SO
(2013) Fifty years of melphalan use in hematopoietic stem cell
transplantation. Biol Blood Marrow Transplant : J] Am Soc Blood
Marrow Transplant 19:344-356

Bosanquet AG, Gilby ED (1982) Pharmacokinetics of oral and
intravenous melphalan during routine treatment of multiple myelo-
ma. Eur J Cancer Clin Oncol 18:355-362

Munier FL, Gaillard MC, Balmer A, Soliman S, Podilsky G,
Moulin AP, Beck-Popovic M (2012) Intravitreal chemotherapy
for vitreous disease in retinoblastoma revisited: from prohibition
to conditional indications. Br J Ophthalmol 96:1078-83

Munier FL, Beck-Popovic M, Balmer A, Gaillard MC, Bovey E,
Binaghi S (2011) Occurrence of sectoral choroidal occlusive vas-
culopathy and retinal arteriolar embolization after superselective
ophthalmic artery chemotherapy for advanced intraocular retino-
blastoma. Retina 31:566-573

Ueda M, Tanabe J, Inomata M, Kaneko A, Kimura T (1995) Study
on conservative treatment of retinoblastoma—effect of intravitreal
injection of melphalan on the rabbit retina. Nippon Ganka Gakkai
Zasshi 99:1230-1235

Francis JH, Abramson DH, Gobin YP, Marr BP, Dunkel 1J, Riedel
ER, Brodie SE (2014) Electroretinogram monitoring of dose-

@ Springer

17.

19.

20.

21.

22.

dependent toxicity after ophthalmic artery chemosurgery in retino-
blastoma eyes: six year review. PLoS One 9, 84247

Shimoda Y, Hamano R, Ishihara K, Shimoda N, Hagimura N,
Akiyama H, Kishi S, Kaneko A (2008) Effects of intraocular irri-
gation with melphalan on rabbit retinas during vitrectomy. Graefe's
Arch Clin Exp Ophthalmol 246:501-508

Luke M, Weiergraber M, Brand C, Siapich SA, Banat M, Hescheler
J, Luke C, Schneider T (2005) The isolated perfused bovine retina—
a sensitive tool for pharmacological research on retinal function.
Brain Res Prot 16:27-36

Gombos DS, Hungerford J, Abramson DH, Kingston J, Chantada
G, Dunkel 1J, Antoneli CB, Greenwald M, Haik BG, Leal CA,
Medina-Sanson A, Schefler AC, Veerakul G, Wieland R,
Bornfeld N, Wilson MW, Yu CB (2007) Secondary acute myelog-
enous leukemia in patients with retinoblastoma: is chemotherapy a
factor? Ophthalmol 114:1378-1383

Inomata M, Kaneko A (1987) Chemosensitivity profiles of primary
and cultured human retinoblastoma cells in a human tumor
clonogenic assay. Jpn J Cancer Res : Gann 78:858-868

Francis JH, Schaiquevich P, Buitrago E, Del Sole MJ, Zapata G,
Croxatto JO, Marr BP, Brodie SE, Berra A, Chantada GL,
Abramson DH (2014) Local and systemic toxicity of intravitreal
melphalan for vitreous seeding in retinoblastoma: a preclinical
and clinical study. Ophthalmol 121:1810-1817

Januschowski K, Mueller S, Spitzer MS, Schramm C, Doycheva D,
Bartz-Schmidt KU, Szurman P (2012) Evaluating retinal toxicity of
anew heavy intraocular dye, using a model of perfused and isolated
retinal cultures of bovine and human origin. Graefe's Arch Clin Exp
Ophthalmol 250:1013-1022

Januschowski K, Zhour A, Lee A, Maddani R, Mueller S, Spitzer
MS, Schnichels S, Schultheiss M, Doycheva D, Bartz-Schmidt KU,
Szurman P (2012) Testing the biocompatibility of a glutathione-
containing intra-ocular irrigation solution by using an isolated per-
fused bovine retina organ culture model - an alternative to animal
testing. Altern Lab Anim 40:23-32



	Investigating short-term toxicity of melphalan in a model of an isolated and superfused bovine retina
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials
	Methods
	Data analysis

	Results
	Discussion
	References


