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Abstract
Study design Systematic review.
Objectives The overall incidence of intramedullary spinal cord tumors (IMSCT) remains low and clinical trials or stan-
dardized treatment strategies are missing. Therefore, multiple animal-based xenograft models (AXM) have been developed
to foster preclinical research efforts on IMSCT. We constructed a systematic literature review to summarize and compare all
AXM for IMSCT, published until April 16, 2018.
Methods The review was conducted using 4 independent research databases following the PRISMA (preferred reporting
items for systematic reviews and meta-analyses) guidelines. Studies were included, if they reported on surgical transplan-
tation of tumor cells or tumor tissue to the spinal cord. Methodological study quality was assessed according to the SYRCLE
(systematic review center for laboratory animal experimentation) risk of Bias tool.
Results Systematic search yielded 20 publications dealing with AXM for IMSCT. In summary, 4 tumor entities were
analyzed in 23 experiments using ~337 animals, mainly investigating glioblastoma or gliosarcoma biology. Studies varied
regarding the use of engrafted animals, surgical techniques and tumor burden. Most commonly authors used heterotopic,
transdural injection of immortalized brain tumor cell lines (1 × 105 in 5 µl) into the thoracic spinal cord of immunocom-
promised rats. Quality assessment demonstrated an unclear risk of bias in most cases.
Conclusion Although different AXM for IMSCT have been described so far, one rat model is technically feasible, enables
robust experiments and demonstrates reproducible results. However, there is a need for new AXM using orthotopic
engraftment of patient-derived tumor cells and for genetically engineered animal models.

Introduction

Intramedullary spinal cord tumors (IMSCT) comprise a
heterogeneous group of benign and malignant tumor
entities and account for 2–4% of all central nervous sys-
tem tumors, with ependymoma and astrocytoma being the
most common tumor entities in adult, adolescent and
pediatric populations [1, 2]. Less frequent tumor entities
comprise hemangioblastomas, gangliogliomas, germino-
mas, primary central nervous system lymphomas or
metastases from extraspinal tumor diseases. Although
IMSCT are rare disorders compared to intracerebral
tumors, there is a continuing increase in clinical inci-
dences and thus growing need for treatment options [3].
While most IMSCT are classified as benign tumors, sev-
eral tumor entities can exhibit malignant properties with
local infiltration of spinal cord parenchyma and adjacent
structures, resulting in diffuse or radicular back pain,
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sensory changes, motor deficits or bowel, and bladder
dysfunctions [4]. Although IMSCT can be located
throughout the whole spinal cord, they usually grow in the
cervical spinal cord, with less frequent tumor growth in
the thoracic and lumbar spinal cord [5].

Since neurooncologic research mainly focuses on
intracerebral tumors, scientific knowledge of spinal tumor
biology is still in its infancy [6]. Considering the rela-
tively small population size of people suffering from
IMSCT, there is an unmet need for clinical trials with a
larger sample size investigating new anticancer strategies
and evidence-based treatment procedures. Currently,
these tumors are treated with neurosurgical resection and
sometimes additionally with radiation and chemotherapy
in case of malignancy or tumor recurrence [7]. However,
unlike extramedullary tumors, gross total resection is
often not feasible and patients only receive tumor
debulking, frequently resulting in recurrent tumor growth
with tremendous functional impairment, discouraging
clinical deterioration and premature death [8, 9]. In these
cases, postoperative adjuvant therapy has a pivotal role.

To investigate for effective radio-therapeutic and che-
motherapeutic treatment approaches, preclinical animal
models which reflect clinically relevant features of tumor
biology are needed. In the last decades, numerous animal-
based xenograft models (AXM) have been developed to
mimic human tumor growth in non-human organisms
[10]. Notably, AXM are widely accepted tools in all fields
of oncological research, since they have fundamentally
contributed to the understanding of pathophysiological
mechanisms and to the development of novel therapies.
Although translational significance is sometimes limited,
these models are indispensably needed to test preclinical
results for their clinical applicability. In summary, general
agreement exists that a satisfying AXM should meet a
setup of different criteria: The AXM should be (a)
reproducible, (b) technically feasible, (c) cost-effective for
large scale testing, (d) comparable with human disease
with enough survival time for therapeutic interventions
and finally (e) amenable to non-invasive disease mon-
itoring [11].

So far, several AXM have been described, however
investigators have used different organisms, different
transplantation techniques and different tumor types.
This is the first review which aims to summarize all
AXM for IMSCT published until April 2018. With a
special focus on technical advantages, effectiveness and
feasibility we compare these models in order to deter-
mine limitations and future challenges. In the long-term
perspective, a widely accepted animal model remains to
be determined that is amenable to the testing of pro-
mising therapeutics for new treatment paradigms in
clinical care.

Methods

Search strategy

The systematic review of literature was performed in
accordance with PRISMA (preferred reporting item for
systematic reviews and meta-analyses) guidelines (see
Fig. 1). All searches were conducted on April 16, 2018. In
order to provide a comprehensive review of all reported
AXM for neoplastic spine diseases, we used a broad search
strategy. The authors performed a computerized literature
search using PubMed/MEDLINE, Web of Science, Scopus
and Cochrane Library to exclude database bias. A summary
of search strings is provided (see Supplemental Content,
Table 1). Manual search with other search strings was run to
detect suitable articles not identified in the database sear-
ches. Additionally, authors were asked to contribute eligible
articles that were not found by other searching means. All
duplicates were excluded. Titles and abstracts of remaining
publications were reviewed and suitable articles were
extracted. The references of retrieved publications were
reviewed and additional citations were extracted. Research
studies were finally eligible for inclusion if they addressed
AXM for IMSCT, published in English since 1950. Con-
ference papers, reviews, case reports, notes and book
chapters were excluded. The resulting publication list was
used to prepare this review and all included studies were
subsequently analyzed in detail.

Data collection

All articles were independently screened by two investiga-
tors for their suitability (LR, EK). A third investigator
decided in cases of disagreement (RJ). The final publication
list was analyzed by two investigators (LR, EK) and rele-
vant data points were extracted with special attention to
surgical engraftment techniques (engrafted tumor entity,
engrafted tumor material, mode of transplantation, number
of tumor cells, amount of tumor tissue, volume of liquid
medium, surgical approach), effectiveness (incidence of
surgery related death, relative number of symptomatic ani-
mals, symptoms of successfully engrafted organisms,
overall survival of successfully engrafted organisms) and
feasibility (recipient organism, number of engrafted organ-
isms, time from engraftment to symptomatic manifestation).
Information on outcome were identified from both texts and
graphs. When the number of animals was reported as a
range, the lowest group size was collected. We assumed no
exclusion of animals, when the number of animals in the
method section was equal to the number of animals in the
results section. Orthotopic engraftment was assumed if
IMSCT were transplanted into the spinal cord of recipient
organisms; all other engraftment approaches were defined
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as heterotopic. Data that was mentioned but not shown was
not included into this review.

Quality assessment

Methodological quality of all studies was assessed accord-
ing to the SYRCLE (systematic review center for laboratory
animal experimentation) risk of bias tool for animal studies

[12]. Two authors independently investigated all studies for
all 10 SYRCLE items (LR, EK). A third author decided in
cases of disagreement (RJ). We additionally investigated all
the studies for the following items in order to improve
quality assessment: (item 11) mention of randomization at
any level, (item 12) detailed description of the surgical
procedure, (item 13) detailed elaboration of surgical safety
of the procedure, (item 14) detailed information on the
translational significance.

Role of funding source

This study has no funding source. The authors LR, EK, US,
and RJ had full access to all data in this study. LR and RJ
took the final responsibility for the decision to submit this
manuscript.

Results

Study selection

We performed a systematic literature review and based on
inclusion criteria, we identified a total of 175 studies which
reported on AXM experiments for spinal tumors (see
Fig. 1). Only 20 studies referred to IMSCT and were finally
included. Additional search with other search strings did not
yield further records. According to the authors’ expertize
and to the best of their knowledge they could not identify
additional relevant articles.

Study characteristics

Organisms and engrafted material

We reviewed 20 studies dealing with 23 experiments and
comprising a total of approximately 337 animals with a
median of 12 animals per study (see Table 1). Glioblastoma
WHO IV° and Gliosarcoma WHO IV° were used in most
experiments (91%, n= 21), one study investigated for aty-
pical teratoid / rhabdoid tumors WHO IV° (4%, n= 1) and
one study used unspecified squamous cell carcinoma (4%,
n= 1). Most of the studies engrafted tumor cells (96%, n=
22), only one used tumor tissue (4%, n= 1). As a recipient
animal species, most researchers used immunocompromised
rats (87%, n= 20), other experiments were conducted with
mice (4%, n= 1), rabbits (4%, n= 1) or dogs (4%, n= 1).
Gender of the recipient organisms was often not mentioned,
but choices for male (30%, n= 7) or female (35%, n= 8)
animals were balanced and consistent in each experiment.
In 23 transplantation experiments, authors usually used
commercially available and immortalized chemical-induced
brain tumor cell lines (57%, n= 13) or human tumor cell

Fig. 1 Systematic literature search. Finally, 20 studies dealing with
AXM for IMSCT were included
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lines (22%, n= 5) for tumor engraftment. Patient-derived
tumor cells (9%, n= 2), rodent tumor cell lines (4%, n= 1),
viral-induced tumor cells (4%, n= 1) and gene-induced
tumor cells (4%, n= 1) were used less frequently.
Engraftment was exclusively restricted to heterotopic tumor
transplantation (100%, n= 23) but there was no study that
used orthotopic transplantation of tumor cells originating
from IMSCT. Tumor burden varied between these studies,
dependent on the recipient organism and on the tumor
composition. Median injection into the spinal cord of rats
consisted of 1 × 105 tumor cells (range: 1 × 104–5 × 105) in
5 µl medium (range: 1.1–5 µl). One research group investi-
gated tumor tissue and engrafted a tissue cube of 0.5 mm3

into mice.
In summary, heterotopic transplantation of 1 × 105

immortalized and chemical-induced brain tumor cell lines
into the spinal cord of immunocompromised rats was
the most commonly used AXM across all experiments
(52%, n= 12).

Surgical approach

All experiments were reviewed for their mode of tumor
engraftment. Notably, all authors used a posterior surgical
approach in their experiments, performing laminectomy of
one or two segments in the cervical (9%, n= 2) or thoracic
(91%, n= 21) dorsal column (Tab. 1). In most cases, an
incision was made in the dorsal mid-thoracic region to
expose and remove the spinous process of T5, T6, T7 or T8
with rongeurs (76%, n= 16). However, few authors used a
caudal-thoracic approach and removed T10 or T11 (22%,
n= 5). We identified only two studies where the cervical
dorsal column was accessed with a laminectomy of C2 or
C6 (9%, n= 2). In most cases, the ligamentum flavum was
removed and tumor cell suspension was injected intrame-
dullary through the dura mater with a syringe (74%, n=
17). However, if tumor tissue was implanted or if authors
feared syringe dislocation, durotomy was performed (26%,
n= 6). In contrast to AXM for intracerebral tumors, injec-
tions were usually not assisted stereotactically (17%, n= 4)
but performed by free-hand (83%, n= 19). In case of ste-
reotactically assisted tumor cell injection, all authors
defined the posterior median sulcus as a target structure
(0.5–2 mm beneath the dorsal pial surface).

Applicability

While most experiments developed new AXM for IMSCT
(57%, n= 13), others tested treatment approaches (39%,
n= 9) or investigated tumor biology (4%, n= 1) (see
Table 2). Although incidence of surgery-related death was
often not specified, no author reported lethal complications.
Consistent with human disease, most experiments used

motor deficits as an outcome parameter (91%, n= 21).
Since Basso, Beattie and Bresnahan have created a loco-
motor rating scale in 1995, i.e., BBB score, this tool was
routinely used in many experiments to describe locomotor
deficits in rats (67%, n= 14). In all cases where animals
were clinically monitored, hind limb paresis occurred
inevitably after few days (mean BBB score day 5: 16 ± 2;
consistent plantar stepping and consistent forelimb-
hindlimb coordination during gait; and toe clearance
occurs frequently during forward limb advancement; pre-
dominant paw position is parallel at initial contact and
rotated at lift off) and deteriorated to paraplegia a few days
later (mean decrease of BBB score between day 5 and 10: 7
± 3; occasional weight supported plantar steps, no forelimb
forelimb-hindlimb coordination). Moreover, xeno-
transplantated animals often suffered from weight loss,
abnormal behavior or posturing, which is a term often used
to describe kyphosis or hunchback. If cervical spinal cord
was used for engraftment, animals regularly suffered from
autonomic dysfunctions, namely from blood pressure and
body temperature changes (50%, n= 1). In most cases
paraplegia was defined as an outcome parameter and in
accordance with ethical committees animals were sacrificed
at this stage of disease, resulting in median survival rates of
17 days (11–33 days) for experiments with rats. Apparently,
animals bearing patient-derived tumor cells revealed longest
overall survival, compared to animals engrafted with com-
mercially available cell lines. To validate tumor growth or
to monitor tumor volume changes in vivo, several studies
used radiographic tools (39%, n= 9), namely magnetic
resonance imaging (78%, n= 7), bioluminescence imaging
(11%, n= 1) or myelography together with computed
tomography imaging (11%, n= 1). Finally, tumor growth
was verified in almost every experiment post mortem (96%,
n= 22) via necropsy.

Quality assessment and risk of bias

The quality assessment according to the SYRCLE risk of
bias tool demonstrates poor reporting, resulting in an
unclear risk of bias in most cases (see Fig. 2). While many
studies revealed similarity at animal baseline (item 2 “yes”:
n= 9, 45%) and reported on data outcome (item 8 “yes”:
n= 12, 60%) no author commented on randomization
procedures (item 1 “yes”: n= 0, 0%; item 3 “yes”: n= 0,
0%). Data to assess the risk of performance bias (item 4
“yes”: n= 0, 0%; item 5 “yes”: n= 1, 5%), detection bias
(item 6 “yes”: n= 0, 0%; item 7 “yes”: n= 0, 0%) and
reporting bias (item 9 “yes”: n= 1, 5%) were incomplete,
leading to an unclear risk of bias in most studies. Regarding
the poor reporting on SYRCLE items, we additionally
created a portfolio of 4 items for this review as described in
the method section. Randomization at any level was
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reported frequently (item 11 “yes”: n= 13, 65%) and sur-
gical procedures were described adequately in almost every
case (item 12 “yes”: n= 19, 95%). However, information
on surgery-related death was not mentioned (item 13 “yes”:
n= 1, 5%) but translational approach was always elabo-
rated (item 14 “yes”: n= 20, 100%).

Discussion

Care for patients who suffer from IMSCT is challenging
due to their limited treatment options [13, 14]. Surgical
resection will remain technically challenging and adjuvant
treatment approaches are urgently needed to improve
patient care. Nevertheless, efficacy of these treatment regi-
mens remains controversial and only limited evidence-
based data exists for clinical scenarios with high-grade
IMSCT [7]. At the moment, no standardized and evidence-
based chemotherapeutic regimens exist for most tumor
entities that are treated beyond the context of clinical trials
and optimal treatment has yet to be determined. Accord-
ingly, clinical management of patients continues to be an
unmet healthcare demand and promising research efforts are

needed. However, the low incidence of IMSCT has ham-
pered the study of these tumors and clinical trials with a
large sample size are missing. Since progress in this field
proceeds slowly, the National Institutes of Health Office of
Rare Diseases Research, the National Cancer Institute of
Neurological Disease and Stroke published a conference
paper on future directions in spinal cord tumor research in
2010 [6]. In this publication, clinical and laboratory experts
highlighted the urgent need for multicentric patient regis-
tration and tissue sampling, prospective clinical trials with
large sample sizes, and intensified research efforts in the
field of tumorigenesis and animal- based modeling. In an
effort to test the efficacy and safety of novel therapeutics for
IMSCT, researchers have developed a setup of reliable,
predictive and reproducible AXM, beginning in 1984 by
Salcman and colleagues [15]. While this first study of this
period was hardly reproducible and lacked feasibility due to
the usage of dogs, later studies could overcome these lim-
itations with the creation of small animal approaches.

Using the database search procedures outlined above, we
have to the best of our knowledge reviewed all relevant
studies dealing with AXM for IMSCT, with special
emphasis on technical procedures, effectiveness and
feasibility.

In conclusion and based upon comparison between all
AXM for IMSCT, we are convinced that intramedullary
transplantation of tumor cells into the spinal cord of
immunocompromised rats is currently the most established
and most suitable disease model. Numerous studies have
demonstrated that surgical intervention on the spinal cord of
rats is safe and feasible [16–27]. Furthermore, housing of
these organisms is easy and cost effective [28]. All studies
we reviewed demonstrated fast tumor growth within few
weeks and clinical deterioration in all animals, allowing
non-invasive disease-monitoring and experimental inter-
vention at the time of disease onset. Locomotor function can
easily be determined and scored according to the well-
established and validated rating scale for rats with contusion
spinal cord trauma, described by Basso and colleagues [29].
Nevertheless, most of these AXM are immunocompromised
and the effect of the immune system on tumor growth has to
be considered carefully in these models.

Systematic literature review revealed different trans-
plantation techniques. Surgical approach to the spinal cord
was always performed using a laminectomy of one or two
spinal column segments. In most cases, tumor cells and not
tumor tissue were injected in the mid-thoracic spinal cord,
which routinely led to hind limb paresis and finally to
paraplegia [15, 16, 19, 20, 22–27, 30–33]. Although cer-
vical spinal cord might be more suitable for tumor cell
transplantation regarding the increased volume of central
nervous tissue, this approach was less frequently performed
and routinely caused autonomic dysfunction [33, 34]. The

Fig. 2 Quality assessment according to the SYRCLE Risk of Bias tool.
The number of studies (n= 20) meeting each quality score criterion
(n= 14) is illustrated. “Yes” means that the description of measure-
ments meets the item requirements (low risk of bias). “No” means that
the description does not meet the item requirements (high risk of bias).
“Unclear” means there is no relevant information (unclear risk of bias).
Items 11–14 were additionally created to improve quality assessment.
Items: Item 01–Was the allocation sequence adequately generated and
applied? Item 02–Were the groups similar at baseline or were they
adjusted for confounders in the analysis? Item 03–Was the allocation
of the different groups adequately concealed? Item 04–Were the ani-
mals randomly housed during the experiment? Item 05–Were the
caregivers/investigators blinded from knowledge which intervention
each animal received during the experiment? Item 06–Were the ani-
mals selected at random for outcome assessment? Item 07–Was the
outcome assessor blinded? Item 08–Were incomplete outcome data
adequately addressed? Item 09–Are reports of the study free of
selective outcome reporting? Item 10– Was the study apparently free
of other problems that could result in high risk of bias? Item 11–Was
randomization mentioned at any level? Item 12–Was the surgical
procedure described adequately? Item 13–Was the surgical safety
mentioned? Item 14–Was translational significance elaborated?
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majority of authors preferred transdural injection of tumor
cells into the spinal cord and this technique has to be con-
sidered as being safe [16–26, 30, 32, 35, 36]. However, if
possible, injection should be stereotactically supported in
order to improve the trajectory of the syringe and to target
the depth of the posterior median sulcus [16, 27, 33, 34].

So far, only 2 studies have used patient-derived tumor
cells while most authors performed transplantation of
commercially available and immortalized cell lines [18, 32].
Hsu and colleagues engrafted patient-derived glioblastoma
neurospheres into the spinal cord of immunocompromised
rats and demonstrated tumor growth in all animals [32].
Also, transplanted tumor cells captured the growth pattern
and local invasive nature of their human counterparts and
animals demonstrated prolonged survival times compared to
other models, indicating a more realistic AXM for IMSCT.
Although tumor cell lines have been used for decades in all
fields of oncological research, growing evidence exists that
patient-derived tumor cells might be more suitable for dis-
ease modeling, since they recapitulate tumor heterogeneity
and reveal individual therapeutic resistance, giving a more
representative model of human malignancies [37, 38]. In
this regard, also the unique tumor environment of the spinal
cord must be considered. Ellis and colleagues transplanted
retroviral-mediated and platelet-derived growth factor
(PDGF) induced glioblastoma cells into the forebrain and
into the spinal cord of immunocompromised rats and
demonstrated that tumor phenotypes were consistently
predicted by the tissue into which tumor cells were trans-
planted rather that by the tissue of origin [27]. Thus,
microenvironment of the spinal cord seems to be unique and
might be different from the brain. Regarding this observa-
tion one may hypothesize that orthotopic engraftment of
IMSCT into the spinal cord is more representative than the
use of heterotopically transplanted intracerebral tumors.
However, more laboratory studies are needed to confirm
this hypothesis.

Quality assessment in this review revealed insufficient
reporting on methods and results in most studies, resulting
in an overall unclear risk of bias. Interestingly, a trend
towards better reporting quality in more recent studies could
not be detected. The SYRCLE risk of bias tool is a recently
published quality assessment method to improve critical
appraisal of evidence from animal studies and is adapted
from the Cochrane risk of bias tool [12]. Nevertheless, the
lack of detailed reporting is a well-known obstacle in animal
studies and critical evaluation of bias, e.g., randomization
and blinding, is not yet established in this field of research
so far [39]. In accordance with the SYRCLE group, we did
not use a scoring system to quantify reporting quality of
each individual study, because overall reporting was low
and systematic evaluation of animal-based studies is not yet
established [12]. Nevertheless, since we found that the risk

of bias could not be estimated in most experiments, meth-
odological reporting has to improve. While surgical proce-
dures and translational significance were often elaborated
appropriately, many studies lacked detailed reporting on
animal randomization, blinding of investigators and com-
pleteness of outcome data.

This report gives an overview on all available AXM for
IMSCT that have been published so far and that can be used
to extend in vitro data to in vivo experiments. In line with
our review, transdural injection of tumor cell lines (1 × 105

in 5 µl) into the thoracic spinal cord of immunocompro-
mised rats might be considered safe, reproducible and the
most extensively validated model for IMSCT.

Although low-grade ependymomas and astrocytomas are
the most common tumor entities in the spinal cord, all
studies we have identified were limited to high-grade glio-
blastoma, gliosarcoma or rare tumor entities. Thus, we
strongly recommend to expand the field of research on other
IMSCT with a higher clinical incidence, using the above-
mentioned animal model. However, further studies are
needed to develop more suitable AXM, using patient-
derived tumor cells and experimental setups with less risk of
bias. Furthermore, transgenic animal models are warranted,
especially for low-grade tumor entities, that often do not
develop sufficient in vivo tumor growth after cell engraft-
ment [40].

Conclusion

Despite growing research efforts, malignant IMSCT inflict
considerable morbidity and mortality given their limited
treatment options and their high recurrence rate. Future
studies should investigate new therapeutic strategies in
orthotopic and immunocompromised rat xenograft models
using patient-derived tumor cells. Additionally, research
should also focus on tumorigenesis in human IMSCT to
establish robust genetically engineered animal models.

Data archiving

The dataset generated during the current study is available
in the PubMed/MEDLINE, Scopus, Web of Science and
Cochrane Library databases:

https://www.ncbi.nlm.nih.gov/pubmed/
https://www.scopus.com/
https://login.webofknowledge.com/
https://www.cochranelibrary.com/

Detailed data summaries are available from the corre-
sponding author on reasonable request.
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