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Abstract
Background  Brain metastases are challenging daily practice in oncology and remain a compartmental problem since most 
anti-cancer drugs do not cross the blood–brain barrier at relevant pharmacological concentrations.
Methods  In a young woman with HER2-overexpressing breast cancer resistant to standard treatments, at the time of brain 
metastases progression, a ventricular reservoir was implanted for intrathecal drug injections and detailed pharmacokinetic 
studies.
Results  A first association of intrathecal trastuzumab with intravenous cisplatin was offered to the patient. For trastuzumab, 
the mean cerebrospinal fluid trough concentration of 53.4 mg/L reached relevant levels, enabling the stabilization of the 
metastases. Adding intravenous cisplatin was not beneficial, since the cerebrospinal fluid exposure was almost undetectable 
under 0.08 mg/L. We then offered the patient an intrathecal combination of trastuzumab and methotrexate, because of their 
in vitro synergic cytotoxicity. The cerebrospinal fluid peak of methotrexate was 1037 µmol/L at 2 h, and the concentrations 
remained above the theoretical therapeutic concentration. After 2 months of this drug combination, we obtained an excel-
lent response on the brain metastases.
Conclusion  Our preliminary study supports the interest of a compartmental approach through a direct administration of 
drugs into the cerebrospinal fluid for the treatment of breast cancer brain metastases.
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Introduction

Brain metastases are challenging daily practice in oncol-
ogy, with a median survival under 11  months [1]. In 
women with metastatic HER2-overexpressing breast 
cancer, targeting HER2 is associated with high response 
rates and 50% of long-term survivors [2]. Most patients 
with disease progression will develop brain metastases, 
mainly due to an inadequate passage of drugs through the 
blood–brain barrier.

Trastuzumab, an anti-HER2 antibody, and the leading 
drug for the treatment of HER2-overexpressing breast can-
cer [3], does not efficiently cross the blood–brain barrier 
[4]. In a pilot pharmacological study, we demonstrated 
the benefit of the direct intrathecal administration of tras-
tuzumab to halt the progression of HER2-overexpressing 
breast cancer brain metastases [5]. However, trastuzumab 
monotherapy is associated with limited responses and usu-
ally requires combination with a cytotoxic drug to reach 
full efficacy [6].

Here, in a young woman with HER2-overexpressing 
breast cancer brain metastases resistant to standard treat-
ments, we explored the benefit of combining intrathecal 
trastuzumab with either intravenous cisplatin or intrathecal 
methotrexate.

Materials and methods

Assessment of HER2 copy number on tissue samples 
using droplet‑digital PCR

HER2 copy number was assessed on three different tumor 
samples: the primary tumor, an axillary lymph node metas-
tasis at the time of initial diagnosis, and a skin metastasis 
at the time of first progression. All three samples were pro-
cessed for laser-microdissection using a Zeiss Microdis-
section and Pressure Catapulting system (Zeiss, Munich, 
Germany), to select cancer cells. Total DNA was extracted 
from the microdissected cells using DNeasy-Micro-Kit 
(Qiagen, Courtaboeuf, France) and concentrated in a final 
volume of 10 µL. Total DNA from HER2-overexpressing 
BT474 and non-HER2-overexpressing MDA231 cell lines 
were used as positive and negative controls, respectively.

On the different DNA samples, droplet digital Poly-
merase Chain Reaction (ddPCR) was performed using the 
QX100 ddPCR workflow system (Biorad, Hercules, CA, 
USA). The mix contained 20 ng of genomic DNA from 
microdissected cells or cancer cell lines, 10 µL of So Fast 
Eva Green Supermix (Bio Rad), 1 µL of HER2 probes 
(Hs00223586_cn, Life Technologies, Foster City, USA), 

and 1 µL RnaseP probes (Taqman® copy number Refer-
ence Assay, 4403326, Life Technologies) per well. The 
final volume for the reaction was 20 µL. Droplets were 
generated by a QX200 Droplet Generator (Biorad). PCR 
was carried out on the CFX96 Real Time System (Bio 
Rad). There was an initial denaturing step at 95 °C for 
10 min, followed by 40 cycles of denaturing (95 °C for 
15 s), and annealing (60 °C for 1 min). A post-amplifi-
cation melting curve program was initiated by heating to 
98 °C for 10 min and then cooling to 12 °C. Each PCR run 
included a no-template control. The results of the ddPCR 
were generated using QX100 Droplet Reader (Biorad), and 
analysed using QuantaSoft software (Biorad). The ratio of 
HER2-positive droplets to RnaseP-positive droplets was 
calculated. A ratio of 0.8–1.2 was considered as a normal 
copy number for the HER2 gene.

Intrathecal administration of trastuzumab 
and methotrexate

We used an Ommaya reservoir, and for each injection, the 
volume of cerebrospinal fluid removed was identical to 
the volume of drug injected. For trastuzumab, the dose of 
50 mg per injection corresponded to a total volume injected 
of 3 mL. For methotrexate, the dose of 15 mg per injection 
corresponded to a total volume of 1 mL.

Each drug was injected directly in less than 30 s, and 
when we co-administered trastuzumab and methotrexate, 
trastuzumab was administered first and methotrexate imme-
diately after. In these cases, we used the same reservoir, 
and the total volume of cerebrospinal fluid removed before 
injection of drugs was 4 mL.

Immediately after the end of drug infusion, 1 mL of saline 
serum was flushed to ensure complete drug delivery without 
significant increase of CSF pressure.

Assessment of trastuzumab concentrations

Cerebrospinal fluid samples were collected to measure tras-
tuzumab trough concentrations before each trastuzumab 
infusion. Trastuzumab concentrations were determined 
using a validated ELISA test, as previously described [7].

Assessment of cisplatin concentrations

On the first day of cycle 2 (day 21), a detailed pharmacoki-
netic study was performed to assess cisplatin concentrations 
in both the plasma and the cerebrospinal fluid. Cerebrospi-
nal fluid and blood samples were collected before cisplatin 
infusion, and at 15, 30 min and 1, 2, 4, 6, 24 h after the end 
of infusion. Blood samples were immediately centrifuged 
at 15,700×g for 10 min to obtain plasma, which was then 
stored at − 80 °C until analysis [8]. Cisplatin concentrations 
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in the cerebrospinal fluid and in the blood were determined 
using inductively coupled plasma-mass spectrometry as pre-
viously described [9].

The measurement of trastuzumab and cisplatin serum 
concentrations was carried out on the CePiBAc platform. 
Centre Pilote de Suivi Biologique des traitements par Anti-
corps (CePiBAc) is a pharmacological platform directed 
by Prof. Gilles Paintaud at University Hospital of Tours 
(France) and mostly dedicated to the assessment of thera-
peutic antibody concentrations for clinical purpose.

Assessment of methotrexate concentrations

At day 14 of cycle 3, a detailed pharmacokinetic study was 
performed to assess methotrexate concentrations in both 
the blood and in the cerebrospinal fluid. Cerebrospinal fluid 
and blood samples were collected before methotrexate infu-
sion, at 30 min, and 1, 2, 4, and 24 h after the end of infu-
sion. Samples were protected from light until processing. 
The method was a Syva enzyme multiplied immunoassay 
technique (EMIT), using a COBAS c501 device (Roche). 
Reagents were provided by Syva-SIEMENS. The method is 
based on an immune-metric method using sheep anti-meth-
otrexate antibodies, and quantifying total methotrexate (i.e. 
free and bound forms), but not its 7-OH metabolite. The 
calibration values range from 0.2 to 2 µmol/L. Biological 
samples were diluted in TRIS buffer under a sequential dilu-
tion procedure to obtain a reliable concentration in the range 
0.2–2 µmol/L [10].

Case study and findings

Breast cancer with liver, bone, and brain metastases, includ-
ing two cerebellar localizations, was diagnosed in a 30-year-
old woman. The histological diagnosis was ductal invasive 
carcinoma overexpressing HER2, without expression of 
estrogen or progesterone receptors. The patient received 
a combination of docetaxel, trastuzumab, and pertuzumab 
for 6 months with complete metabolic response on localiza-
tions outside the central nervous system. She had additional 
whole-brain radiation therapy at 30 Gy with partial response 
on the two cerebellar metastases. Trastuzumab and pertu-
zumab were maintained for three additional months. Then, a 
new brain imaging showed rapid progression with numerous 
metastases. The patient also had local progression with skin 
metastases on the breast, which were biopsied. Tissue analy-
ses using immunostaining showed the persistence of HER2 
overexpression (Fig. 1a) and a strong gene amplification 
with 30 copies of the HER2 gene using digital droplet PCR 
on laser-microdissected cancer cells (Fig. 1b). We assumed 
that the HER2 genotype was identical in the brain metastases 
and thus decided to administer trastuzumab directly into the 
cerebrospinal fluid (CSF).

With the patient’s informed consent, a ventricular reser-
voir was implanted for further intrathecal drug injections and 
pharmacokinetic studies.

Because of the reported efficacy of cisplatin on breast 
cancer brain metastases [11, 12], we offered the patient an 
association of intrathecal trastuzumab [5] and intravenous 
cisplatin (Fig. 2a). A detailed pharmacokinetic study was 
performed to assess trastuzumab and cisplatin concen-
trations in the CSF and the blood. The mean CSF trough 
concentration of trastuzumab was 53.4  mg/L, ranging 
from 7.6 to 102.9 mg/L, i.e. above the clinically relevant 
concentration of 40 mg/L (Fig. 2b). Serum concentration 
of trastuzumab was assessed at four time-points per week 
during the two first cycles. As previously reported in our 
pilot study [5], the mean serum trough concentration was 
48 mg/L despite the absence of intravenous administration 
of trastuzumab, indicating an important drug efflux from the 
CSF to the blood. For cisplatin, a peak plasma concentra-
tion of 4.1 mg/L was observed at 15 min after intravenous 
administration, and it remained high at 24 h, at 2.3 mg/L. In 
contrast, in the CSF, cisplatin concentrations were almost 
undetectable, below 0.08 mg/L (Fig. 2c).

After two cycles of this regimen, a new brain MRI 
showed stable disease. Because of the very low exposure 
of the CSF to cisplatin, we concluded that this stabiliza-
tion of brain metastases resulted solely from the intrathecal 
trastuzumab. To overcome the limitation of the blood–brain 
barrier passage from blood to brain, we then decided to 
administer a cytotoxic drug directly into the CSF. We chose 
methotrexate because of its in vitro synergic cytotoxicity in 
combination with trastuzumab [13]. Again, a pharmacoki-
netic study was performed to assess methotrexate concentra-
tions in the CSF and the plasma (Fig. 3a). In the CSF, a peak 
of 1037 µmol/L occurred 2 h after injection and decreased 
rapidly, with concentrations above the theoretical therapeu-
tic concentration of 1 µmol/L at 24 h [14]. In contrast, the 
serum concentration remained very low after a single injec-
tion, not exceeding 0.3 µmol/L (Fig. 3b). After 2 months 
of intrathecal methotrexate and trastuzumab, we obtained a 
74% response on the brain metastases according to RECIST 
criteria (Fig. 3c) [15].

Discussion

Brain metastases are an increasing cause of death from can-
cer because of drug inadequacy to cross the blood–brain 
barrier. The treatment of brain metastases thus requires a 
compartmental approach.

Intrathecal administration of trastuzumab has been 
used since 2001, mainly for the treatment of women with 
HER2 overexpressing leptomeningeal carcinomatosis 
from breast cancer origin [16–20]. Most case studies have 
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Fig. 1   Histological and molecular findings. a Representative histo-
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been using empirical doses of trastuzumab with no asso-
ciated pharmacological studies. In 2018, a phase I study 
has tested increasing doses of intrathecal trastuzumab for 
the treatment of 16 women with HER2 overexpressing 
breast cancer and leptomeningeal carcinomatosis. They 
have shown the feasibility of weekly injections of 150 mg 
of trastuzumab, but with a limitant injected volume of 
7.2 mL and sub-optimal trough concentrations of trastu-
zumab with important intra- and inter-patient variabilities. 
However, they had included patients with both leptome-
ningeal and parenchymal brain localizations, with some 
radiological and clinical responses on both sites [20]. We 

had previously conducted a pilot pharmacological study 
and obtained the proof of concept for direct intrathecal 
administration of trastuzumab to halt the progression of 
HER2-overexpressing brain metastases, via relevant phar-
macological concentrations of trastuzumab in the CSF [5].

We confirmed this here, but we failed to gain in effi-
cacy with the concomitant administration of intravenous 
cisplatin. This was coherent with a very low CSF expo-
sure to the drug in our patient and also with historical 
pharmacological data on humans and monkeys (Table 1). 
While intravenous cisplatin induces radiological response 
on cancer brain metastases, this might not mean that the 
drug crosses the blood–brain barrier but possibly that the 
response results from an anti-angiogenic effect on tumor 
vessels [21, 22].

As previously reported in our pilot study [5], we also 
confirmed the important efflux of trastuzumab from the CSF 
to the blood after intrathecal administration in our patient, 
since the mean serum trough concentration was 48 mg/L 
despite the absence of intravenous administration of trastu-
zumab. Such an efflux had been described for trastuzumab 
with cynomolgus monkeys [27], but also for rituximab, an 
anti-CD20 antibody, in a phase I study with patients treated 
for brain lymphomas [28]. This efflux may be linked to the 
presence of FcRn receptors at the surface of endothelial cells 
of the blood–brain barrier [29].

In a compartmental approach associating trastuzumab and 
methotrexate in the CSF, we obtained an excellent response 
on brain metastases. Unlike what was observed with trastu-
zumab, we did not detect methotrexate in the blood, and this 
was probably due to a blood dilution effect from drug efflux 
of the low total dose of 15 mg injected in the CSF. This 
effect was also attributable to the diffusion and high concen-
tration of methotrexate in the brain parenchyma, including 
metastases [30].

Innovative therapeutic approaches are being developed 
to facilitate the passage through the blood–brain barrier of 
anticancer agents administered intravenously: (1) the engi-
neering of bi-specific antibodies or peptide–drug conjugates 
[31]; (2) the co-administration of osmotic component such 
as mannitol to permeabilize the blood–brain barrier [32–34]. 
Another approach could be to engineer Fab fragment anti-
bodies to limit the efflux from brain to blood after intrathecal 
administration.

Conclusion

Pending successful innovative treatments, our study supports 
the interest of a compartmental approach through direct 
administration of drugs into the cerebrospinal fluid for the 
treatment of HER2 breast cancer brain metastases.
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Fig. 3   Therapeutic protocol 
and pharmacokinetics of 
methotrexate. a Therapeutic 
protocol for cycles 3 and 4. b 
Pharmacokinetic time points 
for methotrexate at day 14 of 
cycle 3 and concentrations in 
the CSF and in the plasma. 
CSF concentrations are above 
the theoretical therapeutic 
concentration of 1 µmol/L. The 
serum concentration does not 
exceed 0.3 µmol/L. c Axial 
T1-weighted magnetic reso-
nance imaging (MRI) of brain 
metastases, with gadolinium 
injection. Before cycle 3 (day 
42), metastases are numer-
ous (arrowheads), the largest 
measuring 20 mm in the left 
temporal horn (arrow). After the 
end of cycle 4 (day 84), there 
is an excellent response with 
almost a disappearance of all 
metastases

A

Pharmacokinetic time 
points of methotrexate in 
the CSF and the plasma

  M
et

ho
tre

xa
te

C
on

ce
nt

ra
tio

n 
(µ

m
ol

/L
)

30’ 1h 2h 4h 24h
Time post-injection

600

800

1000

1200

0

10

5

400

Plasma

CSF

15

1

M
R

I T
1 

S
eq

ue
nc

e

C

W
ho

le
 b

ra
in

 ra
di

ot
he

ra
py

Days -100 42

IV
 C

is
pl

at
in

56 63 70 847749

In
tra

-th
ec

al
 

Tr
as

tu
zu

m
ab

   
   

50
m

g

0

 In
tra

-th
ec

al
 

M
et

ho
tre

xa
te

   
   

15
m

g

Cycle 3 Cycle 4

Before cycle 3 (Days 42) After cycle 4 (Days 84)

B

Cycle 1+ 2



579Cancer Chemotherapy and Pharmacology (2019) 83:573–580	

1 3

Acknowledgements  We would like to thank Mrs. A. Swaine for revis-
ing the English language. We would also like to thank Dr. S. Szylderge-
majn for his helpful advices. The study was supported by INSERM and 
University Paris 7.

Author contributions  TTN conceived and designed the study, provided 
the study material or patient, collected and assembled the data, pro-
vided data analysis and interpretation, and drafted the manuscript. EA 
provided data analysis and interpretation. FD provided data analysis 
and interpretation, provided the study material, provided administrative 
support and located financial support. QTN provided the study material 
and provided administrative support. CD provided the study material 
and provided administrative support. MR provided the study material 
and provided administrative support. ON provided the study material 
and provided administrative support. PN provided the study material, 
provided administrative support, provided data analysis and interpre-
tation. QVL provided the study material and provided administrative 
support. SW provided the study material and provided administrative 
support. M-CP collected and assembled the data. LZ collected and 
assembled the data. GP provided the study material, provided adminis-
trative support, provided data analysis and interpretation. AJ conceived 
and designed the study, provided the study material, provided admin-
istrative support, provided data analysis and interpretation, drafted the 
manuscript and located financial support. GB conceived and designed 
the study, provided the study material, provided administrative support, 
collected and assembled the data, provided data analysis and interpreta-
tion, drafted the manuscript and located financial support.

Compliance with ethical standards 

Conflict of interest  The authors declare no conflict of interest.

Informed consent  Written informed consent was obtained from the 
patient for publication of this case report and any accompanying 
images. A copy of the written consent is available for review by the 
Editor of this journal.

References

	 1.	 Caroli M, Di Cristofori A, Lucarella F et al (2011) Surgical brain 
metastases: management and outcome related to prognostic 
indexes: a critical review of a ten-year series. In: Int. Sch. Res. 
Not. https​://www.hinda​wi.com/archi​ve/2011/20710​3/. Accessed 
11 Dec 2017

	 2.	 Swain SM, Baselga J, Kim S-B et al (2015) Pertuzumab, trastu-
zumab, and docetaxel in HER2-positive metastatic breast cancer. 
N Engl J Med 372:724–734. https​://doi.org/10.1056/NEJMo​a1413​
513

	 3.	 Slamon DJ, Leyland-Jones B, Shak S et al (2001) Use of chemo-
therapy plus a monoclonal antibody against HER2 for metastatic 
breast cancer that overexpresses HER2. N Engl J Med 344:783–
792. https​://doi.org/10.1056/NEJM2​00103​15344​1101

	 4.	 Pestalozzi BC, Brignoli S (2000) Trastuzumab in CSF. J Clin 
Oncol Off J Am Soc Clin Oncol 18:2349–2351. https​://doi.
org/10.1200/JCO.2000.18.11.2349

	 5.	 Bousquet G, Darrouzain F, Bazelaire C de et al (2016) Intrathe-
cal trastuzumab halts progression of CNS metastases in breast 
cancer. J Clin Oncol. https​://doi.org/10.1200/JCO.2012.44.8894

	 6.	 Vogel CL, Cobleigh MA, Tripathy D et al (2001) First-line 
herceptin monotherapy in metastatic breast cancer. Oncology 
61(Suppl 2):37–42. https​://doi.org/10.1159/00005​5400

	 7.	 Bernadou G, Campone M, Merlin J-L et al (2016) Influence 
of tumour burden on trastuzumab pharmacokinetics in HER2 
positive non-metastatic breast cancer. Br J Clin Pharmacol 
81:941–948. https​://doi.org/10.1111/bcp.12875​

	 8.	 Zhang Q-H, Gong C, Yang H et al (2015) Pharmacokinetics of 
cisplatin in the absence or presence of Zengmian Yiliu granules 
(a traditional Chinese medicine compound) in rats determined 
via ICP-MS: an investigation on drug–herb interactions. Pharm 
Biol 53:159–166. https​://doi.org/10.3109/13880​209.2014.91224​
1

	 9.	 Yamada K, Kato N, Takagi A et al (2005) One-milliliter wet-
digestion for inductively coupled plasma mass spectrometry (ICP-
MS): determination of platinum-DNA adducts in cells treated with 
platinum(II) complexes. Anal Bioanal Chem 382:1702–1707. 
https​://doi.org/10.1007/s0021​6-005-3339-5

	10.	 Chavan P, Bhat V, Karmore A et al (2017) Establishing Syva 
methotrexate assay on siemens dimension RxL analyzer: 

Table 1   CSF exposition to cisplatin in data on human and monkeys

NA not applicable

Species N Tumor type Dose of 
cisplatin 
(mg/m2)

Chemotherapy regimen Administration Ratio of concentration of 
cisplatin in CSF:plasma 
(%)

Male rhesus monkeys [21] 3 NA 40 Cisplatin Intravenous 3.6
Male rhesus monkeys [23] 1 NA 200 Cisplatin Intravenous 4.3

1 NA 200 Cisplatin Intravenous 5.4
Human [24] 1 Glioblastoma 80 Cisplatin Intravenous < 4
Human [25] 1 Neuroblastoma 120 Cisplatin Intravenous < 3.3
Human [26] 6 Meningeal carcinomatosis 60 Cisplatin–etoposide Intravenous 2.5

8 Metastatic brain tumor 60 Cisplatin–etoposide Intravenous 2.5
9 Metastatic brain tumor 100 Cisplatin–etoposide Intravenous 2.9
7 Malignant glioma 60 Cisplatin–etoposide Intracarotid 15
7 Metastatic brain tumor 60 Cisplatin–etoposide Intracarotid 5.4

Our study 1 Metastatic brain tumor 75 Cisplatin Intravenous 0.31–1.94

https://www.hindawi.com/archive/2011/207103/
https://doi.org/10.1056/NEJMoa1413513
https://doi.org/10.1056/NEJMoa1413513
https://doi.org/10.1056/NEJM200103153441101
https://doi.org/10.1200/JCO.2000.18.11.2349
https://doi.org/10.1200/JCO.2000.18.11.2349
https://doi.org/10.1200/JCO.2012.44.8894
https://doi.org/10.1159/000055400
https://doi.org/10.1111/bcp.12875
https://doi.org/10.3109/13880209.2014.912241
https://doi.org/10.3109/13880209.2014.912241
https://doi.org/10.1007/s00216-005-3339-5


580	 Cancer Chemotherapy and Pharmacology (2019) 83:573–580

1 3

experience in a tertiary cancer care laboratory. J Lab Phys 9:67–
68. https​://doi.org/10.4103/0974-2727.18792​3

	11.	 Franciosi V, Cocconi G, Michiara M et  al (1999) Front-line 
chemotherapy with cisplatin and etoposide for patients with 
brain metastases from breast carcinoma, nonsmall cell lung car-
cinoma, or malignant melanoma: a prospective study. Cancer 
85:1599–1605

	12.	 Christodoulou C, Bafaloukos D, Linardou H et al (2005) Temo-
zolomide (TMZ) combined with cisplatin (CDDP) in patients 
with brain metastases from solid tumors: a Hellenic Cooperative 
Oncology Group (HeCOG) Phase II study. J Neurooncol 71:61–
65. https​://doi.org/10.1007/s1106​0-004-9176-0

	13.	 Pegram M, Hsu S, Lewis G et al (1999) Inhibitory effects of com-
binations of HER-2/neu antibody and chemotherapeutic agents 
used for treatment of human breast cancers. Oncogene 18:2241–
2251. https​://doi.org/10.1038/sj.onc.12025​26

	14.	 Shapiro WR, Young DF, Mehta BM (1975) Methotrexate: dis-
tribution in cerebrospinal fluid after intravenous, ventricular 
and lumbar injections. N Engl J Med 293:161–166. https​://doi.
org/10.1056/NEJM1​97507​24293​0402

	15.	 Eisenhauer EA, Therasse P, Bogaerts J et al (2009) New response 
evaluation criteria in solid tumours: revised RECIST guideline 
(version 1.1). Eur J Cancer Oxf Engl (1990) 45:228–247. https​://
doi.org/10.1016/j.ejca.2008.10.026

	16.	 Laufman LR, Forsthoefel KF (2001) Use of intrathecal trastu-
zumab in a patient with carcinomatous meningitis. Clin Breast 
Cancer 2:235. https​://doi.org/10.1016/S1526​-8209(11)70419​-0

	17.	 Platini C, Long J, Walter S (2006) Meningeal carcinomatosis from 
breast cancer treated with intrathecal trastuzumab. Lancet Oncol 
7:778–780. https​://doi.org/10.1016/S1470​-2045(06)70864​-6

	18.	 Zagouri F, Sergentanis TN, Bartsch R et al (2013) Intrathecal 
administration of trastuzumab for the treatment of meningeal 
carcinomatosis in HER2-positive metastatic breast cancer: a 
systematic review and pooled analysis. Breast Cancer Res Treat 
139:13–22. https​://doi.org/10.1007/s1054​9-013-2525-y

	19.	 Pluchart H, Jacquet E, Charlety D et al (2016) Long-term sur-
vivor with intrathecal and intravenous trastuzumab treatment in 
metastatic breast cancer. Target Oncol 11:687–691. https​://doi.
org/10.1007/s1152​3-016-0429-6

	20.	 Bonneau C, Paintaud G, Trédan O et al (2018) Phase I feasibility 
study for intrathecal administration of trastuzumab in patients with 
HER2 positive breast carcinomatous meningitis. Eur J Cancer Oxf 
Engl (1990) 95:75–84. https​://doi.org/10.1016/j.ejca.2018.02.032

	21.	 Jacobs SS, Fox E, Dennie C et al (2005) Plasma and cerebrospinal 
fluid pharmacokinetics of intravenous oxaliplatin, cisplatin, and 
carboplatin in nonhuman primates. Clin Cancer Res Off J Am 
Assoc Cancer Res 11:1669–1674. https​://doi.org/10.1158/1078-
0432.CCR-04-1807

	22.	 Liu P, Gou M, Yi T et al (2012) The enhanced antitumor effects of 
biodegradable cationic heparin-polyethyleneimine nanogels deliv-
ering HSulf-1 gene combined with cisplatin on ovarian cancer. Int 
J Oncol 41:1504–1512. https​://doi.org/10.3892/ijo.2012.1558

	23.	 Jacobs S, McCully CL, Murphy RF et al (2010) Extracellular fluid 
concentrations of cisplatin, carboplatin, and oxaliplatin in brain, 
muscle, and blood measured using microdialysis in nonhuman 
primates. Cancer Chemother Pharmacol 65:817–824. https​://doi.
org/10.1007/s0028​0-009-1085-7

	24.	 Armand JP, Macquet JP, LeRoy AF (1983) Cerebrospinal 
fluid-platinum kinetics of cisplatin in man. Cancer Treat Rep 
67:1035–1037

	25.	 DeGregorio MW, King OY, Holleran WM et al (1985) Ultrafiltrate 
and total platinum in plasma and cerebrospinal fluid in a patient 
with neuroblastoma. Cancer Treat Rep 69:1441–1442

	26.	 Nakagawa H, Fujita T, Kubo S et al (1996) Difference in CDDP 
penetration into CSF between selective intraarterial chemotherapy 
in patients with malignant glioma and intravenous or intracarotid 
administration in patients with metastatic brain tumor. Cancer 
Chemother Pharmacol 37:317–326. https​://doi.org/10.1007/s0028​
00050​391

	27.	 Braen APJM, Perron J, Tellier P et al (2010) A 4-week intrath-
ecal toxicity and pharmacokinetic study with trastuzumab in 
cynomolgus monkeys. Int J Toxicol 29:259–267. https​://doi.
org/10.1177/10915​81810​36152​7

	28.	 Rubenstein JL, Fridlyand J, Abrey L et al (2007) Phase I study 
of intraventricular administration of rituximab in patients with 
recurrent CNS and intraocular lymphoma. J Clin Oncol Off J 
Am Soc Clin Oncol 25:1350–1356. https​://doi.org/10.1200/
JCO.2006.09.7311

	29.	 Zhang Y, Pardridge WM (2001) Mediated efflux of IgG molecules 
from brain to blood across the blood–brain barrier. J Neuroim-
munol 114:168–172

	30.	 Bleyer WA, Nelson JA, Kamen BA (1997) Accumulation of 
methotrexate in systemic tissues after intrathecal administration. 
J Pediatr Hematol Oncol 19:530–532

	31.	 Bousquet G, Janin A (2015) Passage of humanized monoclonal 
antibodies across the blood–brain barrier: relevance in the treat-
ment of cancer brain metastases? J Appl Biopharm Pharmacokinet 
2:50–58

	32.	 Blanchette M, Michaud K, Fortin D (2012) A new method of 
quantitatively assessing the opening of the blood–brain barrier in 
murine animal models. J Neurosci Methods 207:125–129. https​
://doi.org/10.1016/j.jneum​eth.2012.03.012

	33.	 Boockvar JA, Tsiouris AJ, Hofstetter CP et al (2011) Safety and 
maximum tolerated dose of superselective intraarterial cerebral 
infusion of bevacizumab after osmotic blood–brain barrier disrup-
tion for recurrent malignant glioma. J Neurosurg 114:624–632. 
https​://doi.org/10.3171/2010.9.JNS10​1223

	34.	 Shin BJ, Burkhardt J-K, Riina HA, Boockvar JA (2012) Superse-
lective intra-arterial cerebral infusion of novel agents after blood–
brain disruption for the treatment of recurrent glioblastoma multi-
forme: a technical case series. Neurosurg Clin N Am 23:323–329. 
https​://doi.org/10.1016/j.nec.2012.01.008

https://doi.org/10.4103/0974-2727.187923
https://doi.org/10.1007/s11060-004-9176-0
https://doi.org/10.1038/sj.onc.1202526
https://doi.org/10.1056/NEJM197507242930402
https://doi.org/10.1056/NEJM197507242930402
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/S1526-8209(11)70419-0
https://doi.org/10.1016/S1470-2045(06)70864-6
https://doi.org/10.1007/s10549-013-2525-y
https://doi.org/10.1007/s11523-016-0429-6
https://doi.org/10.1007/s11523-016-0429-6
https://doi.org/10.1016/j.ejca.2018.02.032
https://doi.org/10.1158/1078-0432.CCR-04-1807
https://doi.org/10.1158/1078-0432.CCR-04-1807
https://doi.org/10.3892/ijo.2012.1558
https://doi.org/10.1007/s00280-009-1085-7
https://doi.org/10.1007/s00280-009-1085-7
https://doi.org/10.1007/s002800050391
https://doi.org/10.1007/s002800050391
https://doi.org/10.1177/1091581810361527
https://doi.org/10.1177/1091581810361527
https://doi.org/10.1200/JCO.2006.09.7311
https://doi.org/10.1200/JCO.2006.09.7311
https://doi.org/10.1016/j.jneumeth.2012.03.012
https://doi.org/10.1016/j.jneumeth.2012.03.012
https://doi.org/10.3171/2010.9.JNS101223
https://doi.org/10.1016/j.nec.2012.01.008

	A successful compartmental approach for the treatment of breast cancer brain metastases
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Assessment of HER2 copy number on tissue samples using droplet-digital PCR
	Intrathecal administration of trastuzumab and methotrexate
	Assessment of trastuzumab concentrations
	Assessment of cisplatin concentrations
	Assessment of methotrexate concentrations
	Case study and findings

	Discussion
	Conclusion
	Acknowledgements 
	References


