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Abstract

Methotrexate is a highly effective anti-folate drug, used for a range of oncological and inflammatory conditions. Toxic effects of
methotrexate on the bone marrow, mucosa, liver and kidneys are widely appreciated; however, clinicians may be less familiar with
neurotoxic side-effects. Neurotoxicity is primarily reported in those receiving high-dose or intrathecal methotrexate; however, it may oc-
cur in patients receiving low-dose treatment. Symptoms range from acute headache/somnolence, sub-acute onset of seizures/stroke-like
symptoms, to long-term cognitive and behavioural difficulties. Stroke-like symptoms occur several days after administration when the
patient may be out of the hospital, meaning that acute care providers must be able to recognise and appropriately manage these conditions.
The mechanism by which methotrexate causes neurotoxicity remains poorly understood, and although some treatments and preventative
agents have been identified, they lack robust evidence at present, representing a key area for future research. This article aims to provide
a state-of-the-art review of methotrexate neurotoxicity, which will increase physician awareness of this condition, its presentation, and
to highlight evidence and research gaps relating to treatment and prevention.
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1. Introduction

Folate antagonists such as methotrexate were the first
effective anti-cancer therapies for childhood acute lym-
phoblastic leukaemia (ALL) [1]. Methotrexate is still
widely used for malignant and non-malignant disease, in-
cluding inflammatory arthritis, haematological and solid tu-
mours and medical treatment of ectopic pregnancy [2,3].
Methotrexate is considered an ‘essential medication’ by the
World Health Organization [4].

Methotrexate impedes cell division by inhibiting dihy-
drofolate reductase, resulting in impaired purine and pyrim-
idine synthesis, which are required for cell proliferation [5].
This impacts rapidly dividing cancer cells, such as in ALL.
However, the pathways involved in the anti-inflammatory
effect of low-dose methotrexate are less well understood
and may differ from its anti-cancer effect at much higher
doses [6].

Intravenous high-dose methotrexate (HD-MTX) and
intrathecal methotrexate (IT-MTX) are used almost exclu-
sively in malignant disease. HD-MTX is usually defined as
doses of >500 mg/m? intravenously (typically 2-5 g/m?),
with 4-12 mg (according to age) used intrathecally [7].
In ALL, both HD-MTX and IT-MTX are important com-
ponents of central nervous system (CNS) directed treat-
ment, given to all patients to prevent disease recurrence at
this sanctuary site. Low-dose methotrexate (LD-MTX) by
the oral, intravenous or subcutaneous route is used in in-
flammatory diseases such as rheumatoid arthritis, psoriasis
and Crohn’s disease [8,9]. LD-MTX can also play a role
in the management of malignant disease, for example, in

leukaemia maintenance therapy, low-risk trophoblastic dis-
ease or as an adjunct in metastatic breast cancer [10,11].

Scale of the Problem

The effects of methotrexate toxicity on the bone mar-
row, mucosa, liver and kidneys are widely appreciated,
however, clinicians who do not regularly prescribe HD/IT
MTX may be less familiar with the potential neurotoxic-
ities [2]. Importantly, stroke-like syndrome and seizures
often show delayed presentation 2—10 days after adminis-
tration, meaning that the patient may be out of the hospital
and present to emergency or out-of-hours services [12,13].
Thus, it is vital that emergency providers are aware of this
rare but clinically significant condition whose management
differs from conventional stroke. While methotrexate neu-
rotoxicity is usually seen with intrathecal or high-dose in-
travenous (IV) administration associated with oncological
uses, cases have rarely been reported with low-dose and oral
MTX [14,15].

Estimates of the prevalence of methotrexate neurotox-
icity vary; however, a study of almost 500 cancer patients
receiving high-dose IV or intrathecal methotrexate found
that 3% of adults and 7% of children experienced neuro-
toxicity [16]. In the UKALL 2003 trial of over 3000 chil-
dren treated for ALL (of which methotrexate forms a main-
stay of treatment), 8% of patients experienced a neurotoxic
adverse event [17,18]. These findings were supported by
Mateos and colleagues [19], who showed a 7.6% preva-
lence rate in 1251 children treated for ALL, although rates
as high as 14% have been reported [20]. Furthermore, up to
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60% of children with ALL treated with methotrexate may
have identifiable brain magnetic resonance imaging (MRI)
changes of leukoencephalopathy, suggesting an additional
burden of sub-clinical neurotoxicity [21]. These studies
may suggest that methotrexate neurotoxicity is more com-
mon in children compared to adults, of whom around 5—
10% may experience acute/sub-acute events and over half
may have sub-clinical neurotoxicity.

There is a spectrum of acute, sub-acute and chronic
neurological toxicities associated with methotrexate,
including somnolence/headache, seizures, methotrexate
‘stroke-like syndrome’ (SLS), leukoencephalopathy and
a long-term impact on cognition and attention as illus-
trated in Fig. 1 [22]. Chemotherapy-related neurological
toxicities are classified in the Ponte Di Legno Toxicity
Working Group Consensus on severe acute toxic effects of
childhood ALL treatment [23]. There are no established
time-based definitions for acute, sub-acute and chronic
neurotoxicities; however, for the purposes of this article,
we have considered ‘acute’ effects likely to occur within
48 hours, sub-acute within 48 hours—21 days following
treatment and chronic effects lasting months to years.
The Ponte Di Legno Toxicity Working Group described
methotrexate stroke-like syndrome as occurring within 21
days of treatment [23]. Although the majority of cases
of methotrexate-related neurotoxicity resolve and do not
recur, they can be life-threatening, and some patients may
be left with permanent physical or mental disability [24].
Considering the mechanisms of methotrexate neurotoxicity
and strategies to prevent and treat them are therefore
crucial in optimising long-term outcomes.

Spectrum of Methotrexate Neurotoxicity

Chronic
Months - Years

Acute Sub-acute
0 - 48 hours Within 21 days

Headache Leukoencephalopathy

Stroke-Like Syndrome Cognitive difficulties

Somnolence

Seizures Inattention

Nausea & Vomiting
Myelopathy
Fig. 1. Spectrum of acute, sub-acute and chronic methotrexate
neurotoxicity. Original figure created using Canva (https:/www.

canva.com/zh_cn/).

2. Clinical Features
2.1 Acute Somnolence/Headache

Headache is a recognised toxicity of intrathecal
methotrexate (IT-MTX), although the precise mechanism
remains unclear. It has been hypothesised that IT-MTX
may cause inflammation of the arachnoid mater (chemi-
cal arachnoiditis) [25]. Another proposed mechanism is
by adenosine release, resulting in a disturbance in blood

flow to the brain and neuronal excitability [26]. Indeed,
one of the first attempted treatments for acute methotrex-
ate toxicity (including headache) was an adenosine antag-
onist, aminophylline [27]. Headache appears to be a rela-
tively common occurrence following IT-MTX administra-
tion; however, it is often difficult to delineate whether this
is caused by lumbar puncture complications such as cere-
brospinal fluid (CSF)-leak, intrathecal methotrexate or a
combination of both [28].

A meta-analysis of adverse effects in low-dose
methotrexate (LD-MTX) found that 7% of patients with in-
flammatory conditions on LD-MTX experienced headache
[29]. Moreover, issues with both daytime somnolence and
insomnia have been reported, which may impact quality of
life and well-being [30]. The lack of randomised controlled
trials in this area means that it is difficult to fully establish
the true causative role of methotrexate from other factors,
such as disease-related effects and other medication side ef-
fects. Further research is warranted, given the wide use of
methotrexate in managing inflammatory arthritis and its po-
tential impact on quality of life.

2.2 Seizures

Seizures are an important sub-acute toxicity of
methotrexate, particularly in high-dose and intrathecal ad-
ministration [31,32]. For instance, Bhojwani and col-
leagues (2014) [31] found that 3.8% of their patients with
ALL treated with MTX experienced neurotoxicity, and that
half of these events presented with seizures. Moreover,
cases of status epilepticus due to methotrexate administra-
tion have been reported, emphasising the potential serious-
ness of this side-effect [33,34].

Overall, seizures represent a significant proportion
of neurotoxicity events in paediatric ALL—for example,
seizures accounted for 86 of 300 neurotoxicity events re-
ported in the UKALL 2003 trial [18]. Furthermore, a retro-
spective analysis of 649 paediatric patients treated for ALL
revealed that 13% experienced neurotoxicity, of which
seizures represented two-thirds of presentations [35]. These
findings were mirrored by Kranjcec et al. (2024) [36], who
in addition, reported that of 10 seizure events, 4 progressed
to status epilepticus, of which 3 required endotracheal in-
tubation. Of note, seizures are also associated with pos-
terior reversible encephalopathy syndrome (PRES), which
may occur in the first few months of ALL therapy. PRES
is most commonly caused by vincristine and/or corticos-
teroids, which are used alongside methotrexate in induc-
tion chemotherapy [37]. Therefore, pinpointing the respon-
sible agent can often be difficult. PRES should always be
part of the differential diagnosis in a patient presenting with
seizures on ALL therapy, and it is often associated with vi-
sual disturbance, hypertension and confusion [38]. Early
imaging is recommended to distinguish the two conditions
and rule out alternative causes such as an intracerebral bleed
or cerebral venous sinus thrombosis.

&% IMR Press


https://www.canva.com/zh_cn/
https://www.canva.com/zh_cn/
https://www.imrpress.com

ssa.d NI 62

Table 1. Comparison of clinical features of methotrexate stroke-like syndrome compared to classical stroke presentations in patients receiving high-dose or intrathecal methotrexate.

Condition

Clinical presentation

Onset

Actiology

Imaging

Treatment

Methotrexate stroke-like
syndrome (SLS)

Paralysis

Cranial nerve palsies
Altered mental status
Waxing and waning pre-

sentation is classic

Within 21 days of methotrexate

administration

Methotrexate

numerous proposed mechanisms

exposure—

CT—usually normal MRI—deep white
matter  changes/leukoencephalopathy

DWI shows restricted water diffusion

Supportive
May be a role for dextromethorphan or
aminophylline Unlikely to re-occur on

re-exposure

Posterior reversible en-

cephalopathy syndrome

Seizure

Visual disturbance

Usually within first 34 months of

treatment

Vincristine (and steroid) induced
endothelial dysfunction leading to

CT—often normal MRI shows bilateral
subcortical or cortical oedema typically

Treat hypertension, supportive care

(PRES) Headache vasogenic oedema in parieto-occipital regions DWI shows

Hypertension enhanced water diffusion

Altered mental status
Cerebral venous sinus Headache Usually within 2 weeks of as- Hypercoagulable state associated MRI with venography shows thrombus Anticoagulation—close liaison with
thrombosis (CVST) Seizures paraginase administration with asparaginase (and possibly indural venous sinuses, cerebral veins or haematologist especially if significant

Focal neurological deficit

Visual symptoms

exacerbated by steroids)

both High resolution CT venogram with
contrast—may show thrombus however
may be less sensitive than MRI

associated haemorrhage or thrombocy-

topenia

Haemorrhagic stroke

Depends on site—
Paralysis

Cranial nerve palsies
Headache

Reduced conscious level

Most common at initial presenta-

tion of leukaemia

May be precipitated by thrombo-
cytopaenia, anticoagulants, coag-

ulopathy

CT—usually reveals intra-parenchymal

haemorrhage

Treat underlying cause.  Supportive

management

Ischaemic stroke

Depends on distribution—
Hemiparesis

Cranial nerve palsies
Dysphasia

Altered mental status

Rare in patients with leukaemia—
always consider SLS as a more
likely diagnosis. Relatively sud-

den onset

May be underlying cause, e.g.,
PFO, AF, thrombophilia

CT—may be normal or reveal early is-
chaemia MRI—ischaemia, usually terri-

torial

Careful consideration of aspirin and/or
thrombolysis if clear occlusive throm-
bus in context of cancer. Close liaison
with haematology in patients with low

platelet counts

Other important causes to consider: Infection, hypoglycaemia, electrolyte abnormalities, epilepsy, CNS leukaemia, encephalitis

Abbreviations: AF, atrial fibrillation; CNS, central nervous system; DWI, diffusion-weighted imaging; CT, computed tomography; MRI, magnetic resonance imaging; PFO, patent foramen ovale.
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Seizures appear to be exceedingly rare in patients
treated with LD-MTX for non-malignant conditions, with
only one case (to our knowledge) reported of a patient with
rheumatoid arthritis (RA) who experienced new seizures
following initiation of LD-MTX [39]. However, a meta-
analysis of population-based studies suggested that the risk
of epilepsy in patients with RA and of children born to
mothers with RA may be significantly increased (relative
risk [RR] 1.601, p = 0.017) [40]. It is unclear to what de-
gree (if any) methotrexate may contribute to this increased
risk.

2.3 Methotrexate Stroke-Like Syndrome

Methotrexate stroke-like syndrome (SLS) is perhaps
the most important neurotoxic side effect for the general
physician to be aware of. It is defined by the Ponte
Di Legno Consortium as new-onset paralysis/weakness,
aphasia, dysarthria, altered consciousness (with or without
seizures) within 21 days of IV or IT MTX administration,
with one of the following: (1) characteristic MRI changes of
leukoencephalopathy; or (2) a waxing-and-waning clinical
course, with no other identifiable cause [23]. This defini-
tion aids in ensuring consistent diagnosis; however, there
is still some variation in use in the literature. The rapid
appearance and disappearance of rotating physical neuro-
logical signs such as cranial nerve palsies and hemiparesis
over minutes to hours to days (so-called waxing and wan-
ing pattern) is particularly characteristic of SLS and can
help distinguish it from other causes of stroke, such as in-
tracranial thrombosis or haemorrhage [23]. Of note, com-
puted tomography (CT) scans are often normal, which may
help in excluding haemorrhagic stroke in the first instance
[41]. Characteristic MRI findings include deep white mat-
ter changes detected on diffusion-weighted imaging (DWI);
however, these can be transient, so diagnosis may need to be
made on ruling out other important causes and on its char-
acteristic clinical picture [23,32]. An important differential
to consider in patients with stroke-like symptoms undergo-
ing ALL treatment includes cerebral venous sinus throm-
bosis (CVST), which can be associated with asparaginase
administration [42]. The features of SLS, PRES, CVST
and haemorrhagic/ischaemic strokes are summarised in Ta-
ble 1. Key differentiating features for SLS include the wax-
ing and waning clinical picture and characteristic MRI find-
ings, albeit that these may be transient. Importantly, al-
though mimicking stroke, the aetiology of SLS is distinct
and neither aspirin nor thrombolysis is indicated for SLS,
and may be dangerous due to the thrombocytopenia often
accompanying methotrexate containing chemotherapy reg-
imens.

MRI diffusion weighted imaging is thought to be use-
ful in distinguishing SLS and PRES. PRES causes capil-
lary leak associated with increased water diffusion, whilst
SLS usually displays normal or restricted water diffusion
[43]. However, case series of SLS MRI findings often show

a mixed picture. This may reflect incorrect classification
(i.e., inclusion of some classical PRES cases caused by vin-
cristine/steroids in an MTX-SLS cohort), or may indicate
that the underlying pathogenesis of methotrexate stroke-
like symptoms can vary.

Apiraksattayakul and colleagues (2024) [16] reported
stroke-like syndrome in 7 of 18 patients who experienced
methotrexate neurotoxicity (2.9% prevalence in all paedi-
atric cancer patients treated with methotrexate). A retro-
spective review of 1251 children in Australia treated for
ALL revealed 53 cases of SLS using the Ponte Di Legno
definition (4.2% prevalence) [19]. This suggests that al-
though uncommon, SLS is perhaps not as rare as initially
believed, representing an important and serious toxicity of
methotrexate therapy.

Risk factors for SLS are poorly understood, with in-
creasing age as the only robust risk factor identified in mul-
tiple studies [18,19,44,45]. Liver function test abnormal-
ities in induction and Latino/Hispanic ethnicity are other
potential risk factors [19,20,45]. The relationship with
methotrexate dose is unclear, with some studies reporting
higher rates of toxicity with higher doses [46] but others
failing to find an association between methotrexate phar-
macokinetics and neurotoxicity [47].

To our knowledge, there is only one case report in
the literature of a stroke-like syndrome in a patient on LD-
MTX, suggesting that SLS in low-dose MTX is likely to be
extremely rare [48]. Their case describes a patient with sys-
temic lupus erythematosus (SLE) and RA who experienced
transient stroke-like symptoms with MRI changes, both of
which were reversible on cessation of MTX [48]. More ev-
idence is required to determine the prevalence of SLS in
patients on LD-MTX.

2.4 Leukoencephalopathy

Methotrexate-related leukoencephalopathy is an over-
arching term for brain white-matter changes attributed to
methotrexate use [31]. As previously discussed, these
changes can be observed in SLS but can also be associated
with other MTX-related neurological symptoms such as en-
cephalopathy and seizures, or be completely asymptomatic
[21]. Furthermore, severity ranges from asymptomatic to
a severe subtype of leukoencephalopathy termed ‘dissemi-
nated necrotising leukoencephalopathy’, which appears to
be very rare but can be fatal [21,49]. Most reported cases
of MTX-related leukoencephalopathy are in patients receiv-
ing high-dose/intrathecal MTX; however, there are a lim-
ited number of case reports in patients receiving LD-MTX
[14,15,50].

Leukoencephalopathy has been described primarily
in paediatric patients with ALL and lymphoma receiving
IT-MTX, sarcoma receiving IV methotrexate, and in chil-
dren with brain tumours, delivered via a ventriculocister-
nal catheter [31,32,51]. A number of studies have shown a
high incidence of leukoencephalopathy during methotrex-
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ate chemotherapy and up to one year after, with esti-
mates ranging from 23-75%, albeit in relatively small co-
horts [46,52,53]. More recently, Bhojwani and colleagues
(2014) [31] performed prospective imaging for 369 chil-
dren with ALL being treated with high-dose and intrathe-
cal methotrexate, which revealed leukoencephalopathy in
all patients who experienced neurotoxicity and in 20.6%
of asymptomatic patients, suggesting a significant sub-
clinical burden of disease. Moreover, a number of stud-
ies have identified increased methotrexate exposure (mea-
sured by 42-hour MTX/leucovorin ratio), or as increased
dose/number of courses), as a significant risk factor for
leukoencephalopathy, supporting a dose-dependent mech-
anism [21,31,46,54]. Of interest, Reddick and colleagues
[21] showed that the prevalence of leukoencephalopathy
significantly decreased by 18 months following IV MTX
administration. A similar phenomenon was reported by
Bhojwani and colleagues (2014) [31] in which the grade
of leukoencephalopathy improved over time for 17% of pa-
tients and 23% had completely resolved, perhaps suggest-
ing a degree of reversibility.

Leukoencephalopathy is of significant clinical interest
in paediatric ALL, given that acute leukoencephalopathy
(during treatment) is associated with long-term cognitive
problems and structural brain differences, such as reduced
white matter integrity [55]. As most children are now cured
of their ALL, it is crucial to consider how to maintain excel-
lent treatment response, while aiming to mitigate long-term
damage from therapy.

2.5 Long-Term Cognitive Impact

Long-term cognitive dysfunction is reported to af-
fect one-third of childhood cancer survivors in the United
States, with reported issues in working memory, organisa-
tion and planning [55,56]. Furthermore, childhood cancer
survivors are at greater risk of poor academic achievement
and are more likely to be unemployed compared to their
siblings [57,58]. This illustrates the importance not only of
curing children of their cancer but also of minimising poten-
tial long-term therapy-related neurotoxicity, which impacts
on life chances and wellbeing.

Although the cognitive issues experienced by child-
hood cancer survivors are likely to be multifactorial,
methotrexate chemotherapy has been implicated as a signif-
icant risk factor for their development [56,59]. In line with
common indications for high-dose/intrathecal methotrex-
ate, long-term cognitive dysfunction related to methotrex-
ate has been reported primarily in survivors of ALL, sar-
coma and brain tumours [60—62]. Hustu and Aur (1978)
[63] showed that intrathecal methotrexate and cranial ir-
radiation vastly reduced relapse rates for ALL, leading
to its adoption in clinical practice in the 1980s. How-
ever, concerns regarding the long-term cognitive impact
of whole-brain irradiation, in addition to evidence that
chemotherapy-only CNS-directed treatment was sufficient
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to prevent relapse, caused a change in practice towards in-
tensive intrathecal therapy for CNS prophylaxis [64,65].
Given that many children with ALL received both radio-
therapy and IT-MTX, it can be challenging to delineate the
long-term effects of MTX alone. However, a meta-analysis
of the neuropsychological sequelae of paediatric ALL pa-
tients receiving chemotherapy-only showed that even af-
ter omitting radiotherapy, children still experienced signif-
icant cognitive deficits and reduced academic attainment
[66]. Of interest, two randomised controlled trials have
shown similar levels of neuropsychological problems be-
tween children with ALL treated with cranial irradiation or
HD-MTX, suggesting that HD-MTX may lead to greater
long-term neurotoxicity than previously thought [67,68].

It has been suggested that episodes of acute neurotox-
icity (such as seizure and leukoencephalopathy) are associ-
ated with increased risk of neurocognitive problems in the
longer-term. For instance, the St Jude’s Lifetime Cohort
Study of over 2000 childhood cancer survivors reported that
seizures in patients treated for CNS tumour were associ-
ated with reduced executive function and processing speed
(» < 0.02), and in patients with non-CNS tumours, seizures
were associated with poorer cognitive functioning in all do-
mains [69]. Harris and colleagues [70] showed that children
with ALL who had experienced acute neurotoxicity had re-
duced performance in most cognition domains, including
fine motor and attention, over 1 year following treatment
(» = 0.02). Furthermore, children with leukoencephalopa-
thy during treatment are at greater risk of neurocognitive
issues and reduced quality of life, emphasising the wide-
ranging effect that MTX-related cognitive issues can have
for survivors of childhood cancer [55,62,71]. It is therefore
paramount to consider the underlying pathophysiology of
MTX-related neurotoxicity, and strategies to minimise the
long-term effects of cancer treatment, especially in children
and young people.

A systematic review of long-term cognitive outcomes
suggested that attention and executive functioning appeared
to be most commonly affected [60]. Moreover, a study of
neurocognitive outcomes of 34 patients who had received
IV-MTX for childhood sarcoma reported significantly re-
duced processing speed compared to controls [62]. Al-
though methotrexate neurotoxicity has been reported to af-
fect almost all domains of cognition, attention and exec-
utive functioning appear to be major challenges, which is
crucial for planning effective treatments and interventions.

As with other forms of methotrexate-related neuro-
toxicity, greater MTX exposure appears to correlate with
poorer neurocognitive outcomes, possibly suggesting a
dose-dependent relationship [72,73]. Reports of cognitive
problems caused by LD-MTX appear to be rare, with only
one case report of reversible MTX-induced dementia found
[74]. More research is required to determine whether low-
dose MTX has any effect on cognition.
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Fig. 2. Overview of potential mechanisms of methotrexate-related neurotoxicity. Potential mechanisms are shown in blue, and other

contributing factors are in green. Proposed treatments (purple) are shown in relation to their potential sites of action. Abbreviations:

CSF, cerebrospinal fluid; NMDA, N-methyl-D-aspartate. Original diagram created using Canva (https://www.canva.com/zh_cn/).

2.6 Myelopathy

Myelopathy/transverse myelitis is the rarest neurolog-
ical side-effect of methotrexate. It has been described in
case reports and series as a condition which mimics sub-
acute degeneration of the spinal cord following IT-MTX ad-
ministration, with patients experiencing lower limb weak-
ness/paraesthesia and/or bladder/bowel dysfunction [75-
77]. Pinnix and colleagues [78] present a case series of
MTX-induced myelopathy in paediatric and adult patients
with ALL in which 7 of 8 patients with data available had
either below normal folate or increased homocysteine lev-
els, which may suggest that folate antagonism provided by
methotrexate is implicated in this process. Despite this po-
tential cause, folate replacement did not result in clinical
improvement [78]. Some cases of methotrexate-induced
myelopathy appear to improve over the course of a few
months; however, it is unclear what role (if any) folate re-
placement or proposed treatments such as dextromethor-
phan may play, given that only case reports are avail-
able [79,80]. Methotrexate-induced myelopathy appears to
be primarily associated with intrathecal administration, al-
though greater knowledge of the causes and course of the
disease is needed.

3. Mechanisms of Methotrexate
Neurotoxicity
3.1 Overview of Potential Pathophysiology

There are a number of proposed mechanisms for
methotrexate-induced neurotoxicity, including inadequate
folinic acid rescue, production of neuroexcitatory neuro-

transmitters and defective myelination, among others, illus-
trated in Fig. 2. Indeed, the primary mechanisms involved
in acute, sub-acute and chronic methotrexate neurotoxicity
may differ [7].

It has been hypothesised that reduced folic acid (in
part due to the action of MTX as a folate antagonist), may
contribute to the development of MTX-related neurotoxic-
ity by preventing normal neuronal cell division and regen-
eration [78,81,82]. Folinic acid or ‘leucovorin’ rescue has
been included in HD-MTX protocols to aim to reduce tox-
icities, with careful attention paid to dosing to ensure ade-
quate folinic acid rescue, and dose timing to ensure that the
chemotherapeutic benefit of MTX is maintained [7].

Furthermore, adenosine may play a role in the de-
velopment of acute MTX-related neurotoxicity, given that
methotrexate promotes adenosine release and that adeno-
sine is raised in CSF following methotrexate administration
[26,83]. This effect may be modulated by reduced dihydro-
folate reductase activity, leading to increased adenosine and
homocysteine, producing a neuroexcitatory effect [84].

Homocysteine is elevated in the CSF of children with
neurotoxicity [85]. Homocysteine is metabolised to exci-
totoxic glutamate analogues which act on the N-methyl-
D-aspartate (NMDA) receptor, leading to neuroexcitation
and subsequent neurotoxicity such as seizure activity [86].
NMDA blockade is associated with improved cognitive
tests in rats and provides the mechanistic rationale for dex-
tromethorphan use in MTX-SLS [87,88].

There are a number of mechanisms which have been
suggested for chronic methotrexate-related neurotoxicity,
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including reduced myelination, oxidative stress and im-
paired hippocampal neurogenesis. In murine models, Gib-
son and colleagues [89] showed that methotrexate-induced
cognitive impairment was associated with dysfunction of
three subtypes of glial cells, leading to reduced myelina-
tion. Further mouse and rat models showed that methotrex-
ate reduces Brain-derived neurotrophic factor, which is re-
quired for myelination, potentially by epigenetic modifi-
cation by methotrexate [90,91]. These findings support
reduced myelination as another potential mechanism of
chronic methotrexate -related toxicity.

Methotrexate has been shown to produce reactive oxy-
gen species, which can lead to cell/tissue death, contribut-
ing to cognitive impairment in mice/rat models [92,93].
Furthermore, these trials have proposed antioxidant mecha-
nisms to reduce free radicals and subsequent neurotoxicity,
which merit further clinical consideration [92,94]. The po-
tential role of oxidative stress in methotrexate neurotoxic-
ity is further supported by genome-wide association studies
(GWAS) implicating genes involved in this process [19,95].

Rat and mouse models have also shown that cell
proliferation may be reduced in the hippocampus follow-
ing methotrexate administration [96,97]. Animals in these
studies had issues with memory/cognition and, in one study,
depressive behaviours [96,97]. In a small pilot study of
10 children who had undergone HD-MTX treatment, the
cerebral blood flow to the hippocampus strongly negatively
correlated with visual memory scores [98]. These studies
offer a potential mechanism for methotrexate-related cog-
nitive issues by impaired hippocampal neurogenesis; how-
ever, larger studies would be required to confirm this mech-
anism.

Although various mechanisms for methotrexate-
related neurotoxicity have been proposed, greater work is
needed to fully understand the pathophysiology of this con-
dition and how we may use this knowledge to prevent and
treat patients.

3.2 Potential Causes/Exacerbating Factors

There are various factors which may predispose indi-
viduals to neurotoxic side effects. From the literature, high-
dose and intrathecal methotrexate appear to carry a much
higher risk of neurotoxicity. Furthermore, higher levels of
methotrexate exposure at 42 hours were associated with in-
creased rates of leukoencephalopathy in children with ALL,
suggesting that careful adjusted dosing should be consid-
ered [31].

Paediatric patients appear to be at greater risk, with
a prevalence of 7.4% in children compared to 3.1% of
adults receiving IV or IT MTX in one retrospective study
[16]. However, conversely, a study of 203 adults with ALL
showed a prevalence of MTX neurotoxicity of 7.3%, which
is similar to rates reported in the paediatric population [99].
For children with ALL, neurotoxicity may be multifactorial,
including the effects of other potentially neurotoxic agents

&% IMR Press

used during treatment, CNS disease, coagulopathy and in-
fection [22]. Age greater than 10 years was shown to be
a risk factor for methotrexate SLS and for neurotoxicity in
ALL more generally [18,44]. Bond and colleagues (2013)
[44] hypothesised that age may predict SLS risk due to a
correlation between age and higher National Cancer Insti-
tute (NCI) risk, and therefore more intense chemotherapy,
although further analysis of all neurotoxicity events in the
trial showed age >10 years as a risk factor even among pa-
tients on the same treatment regimen [18].

Potential exacerbating biological factors have been
described, such as vitamin B12/folate deficiency and drug
interactions, such as with nitrous oxide. Vitamin B12 defi-
ciency has been reported as an exacerbating feature of MTX
neurotoxicity in a small number of case reports [82,100].
There is a mechanistic basis for this theory, with vitamin
B12 required as a co-factor for methionine synthase, which
converts homocysteine to methionine, leading to excess ho-
mocysteine and a deficiency of methionine—both putative
causes of neurotoxicity (see above). Therefore, optimis-
ing folinic acid replacement and vitamin B12 levels may
be potential methods of reducing MTX neurotoxicity. Fur-
thermore, there is some evidence that nitrous oxide may
increase the risk of MTX-related neurotoxicity, potentially
due to shared metabolic pathways converging on inactiva-
tion of B12 and consequent impairment of methionine syn-
thase activity [100,101]. This is especially pertinent as chil-
dren with ALL often undergo numerous procedures requir-
ing sedation/anaesthesia during treatment.

As discussed, GWAS studies have been useful in iden-
tifying possible mechanisms for MTX-related neurotoxic-
ity, and suggest that some genetic variants may increase the
risk of developing neurotoxicity [19,95,102]. Understand-
ing of this area is still in its infancy; however, GWAS may
enable us to better predict patients at high risk of MTX neu-
rotoxicity in the future.

4. Management of Methotrexate
Neurological Toxicity

4.1 Prevention

There is currently no proven preventative strategies
for methotrexate neurotoxicity apart from limiting exposure
to methotrexate. Despite this review focusing on the poten-
tial toxic effects, it is important to acknowledge that HD/IT
MTX is used because it is highly effective as an anti-cancer
agent, especially in preventing CNS relapse in ALL. Where
other chemotherapeutic agents are feasible, these should, of
course, be considered; however, they often come with their
own toxicities. Concurrent administration of IV cyclophos-
phamide and Cytarabine was found to increase the risk of
SLS in the UKALL 2003 trial, illustrating the need to con-
sider neurotoxicity within the broader clinical picture [44].

Given that higher cumulative doses of MTX have been
associated with increased risk of neurotoxicity, there has
been a focus on optimising chemotherapy regimens and risk
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stratification strategies to balance the risk of relapse versus
potential neurotoxicity [103,104]. This is essential for re-
ducing the unnecessary harms of methotrexate while ensur-
ing adequate cancer treatment.

A recent meta-analysis of reported studies concludes
that protocols using HD-MTX with low levels of folinic
acid rescue have higher rates of neurocognitive adverse out-
comes and that this can be prevented by adequate folinic
acid rescue [105]. However, the role of folinic acid replace-
ment in preventing neurocognitive toxicities from intrathe-
cal therapy is currently unknown.

Practical steps to minimise the risk of neurotoxic-
ity should include careful attention to avoiding potential
drug interactions and ensuring adequate vitamin B12 lev-
els [100]. Avoiding concurrent nitrous oxide may also
minimise neurotoxicity, although direct clinical evidence is
limited [82,101].

4.2 Treatment and Management Strategies

At present, the majority of management for acute
methotrexate-related neurotoxicity is supportive [31].
Medications such as dextromethorphan and aminophylline
have been tried as potential treatments; however, robust ev-
idence for these agents is currently limited.

Dextromethorphan is a low-affinity uncompetitive N-
methyl-D-aspartate (NMDA) receptor antagonist, with pro-
ponents suggesting that this may reverse or prevent some
of the neurotoxic effects of MTX [85]. The clinical util-
ity of dextromethorphan is unclear, given that only a few
case series have been reported, and methotrexate neurotox-
icity often shows rapid spontaneous improvement [85,88,
106,107]. However, there is some suggestion that starting
dextromethorphan within the first few hours may shorten
the duration of symptoms, compared to patients where treat-
ment is started after 24 hours [107]. No case series includ-
ing a control group of untreated patients or randomised con-
trolled trials have been performed, meaning that a strong
evidence base for intervention with dextromethorphan is
lacking. However, given its favourable side-effect profile
and long experience of use as an anti-tussive in children,
dextromethorphan is often used clinically in this setting. It
is, however, important to be aware of its prolonged elim-
ination in Cytochrome P450 2D6 (CYP2D6)-deficient in-
dividuals and the potential for serotonin syndrome in pa-
tients on selective serotonin reuptake inhibitors (SSRIs)
[108,109]. Other serious adverse effects include rhabdomy-
olysis, acute kidney injury and the potential for psycholog-
ical dependence [110,111].

Even more anecdotally, dextromethorphan has been
used as “prophylaxis” around the time of any re-exposure
to methotrexate after a first episode of neurotoxicity [107,
112]. The low rate of recurrence and the lack of any ran-
domised or case-control studies in this context make it im-
possible to accurately evaluate the efficacy of this approach.

Aminophylline has also been tried as a potential treat-
ment and works as an adenosine antagonist. The initial re-
port of aminophylline use was in patients experiencing nau-
sea, emesis, headache and lethargy—suggestive of acute
MTX neurotoxicity rather than sub-acute MTX-SLS [27].
More recently, Razi and colleagues [113] reported that 25
of 30 (83%) children with ALL experiencing acute MTX
neurotoxicity (mainly seizures and acute loss of conscious-
ness rather than classic MTX-SLS) improved with amino-
phylline; however, similar to dextromethorphan above, it is
unclear what proportion of cases would have resolved with
conservative management alone due to lack of an untreated
control population.

Given the preclinical evidence of association between
oxidative stress and neurotoxicity, the use of antioxidants
may be another promising approach. This has been inves-
tigated in small preclinical studies, with some positive im-
pacts, but further testing in clinical cohorts is awaited [ 114].
More recently, erythropoietin (EPO) has been reported to
reduce hippocampal oxidative stress in rats experiencing
methotrexate neurotoxicity; however, no in-human trials
have been reported as yet [115]. It should be noted that
reducing oxidative stress may improve leukaemic blast sur-
vival as well as neuronal survival, so unintended impacts on
leukaemia outcomes should be carefully evaluated [116].

In survivors of childhood cancer, there has been inter-
est in developing interventions to improve long-term neu-
ropsychological outcomes, such as cognitive interventions
and group therapy [56]. However, the evidence for long-
term benefit is sparse, and these findings are yet to be incor-
porated into guidelines on screening for or managing long-
term cognitive difficulties in these patients. Developing
successful intervention strategies is particularly pertinent to
our discussion on high-dose/intrathecal methotrexate, given
that it is primarily used in cancers affecting children and
young people, such as ALL, lymphoma and sarcoma.

4.3 Re-Exposure Following Methotrexate Neurotoxicity

Understandably, there can be a degree of hesi-
tancy to re-challenge patients who previously experienced
methotrexate-related neurotoxicity. However, only a small
proportion of patients will experience recurrent neurotox-
icity [31,44]. For instance, 28/31 (90%) of patients in the
UKALL 2003 cohort with SLS were re-exposed to IT-MTX
and 23/28 (82%) had no recurrence of neurological symp-
toms, suggesting that SLS should not necessarily preclude
CNS-directed therapy from continuing [44]. Recent evi-
dence has shown that re-exposure is not only safe but may
also reduce relapse rates and improve long-term survival
[19]. This retrospective study of 1251 children treated with
HD/IT methotrexate for ALL demonstrated a recurrence
rate of just 12.9% of patients; however, rates of CNS relapse
and 5-year overall survival were significantly improved in
patients who continued on methotrexate throughout treat-
ment compared to those with a truncation of therapy [19].
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These findings illustrate that while some patients will expe-
rience recurrence of methotrexate neurotoxicity, most pa-
tients will successfully be able to re-commence methotrex-
ate therapy.

5. Research Gaps

HD and IT methotrexate are utilised heavily in a num-
ber of paediatric cancers, most notably in ALL, in which
it forms a cornerstone of CNS-directed therapy. We have
previously described the need to balance the risk of CNS
relapse from under-treatment with the risk of neurotoxicity
from over-treatment to achieve a ‘goldilocks approach’ for
children with CNS leukaemia, aided by developing robust
prognostic biomarkers for CNS relapse risk as well as pre-
dictive biomarkers for neurotoxicity risk [103]. This will
require large-scale datasets and new approaches to devel-
oping risk stratification models, such as that developed by
Harris and colleagues (2025) [117] using machine learning.

As discussed above, methotrexate neurotoxicity is a
significant problem causing morbidity, increased health-
care burden and long-term impacts on health and well-
being. Despite this, the research in this field is patchy.
The vast majority of studies are observational, and ran-
domised evidence-based interventions are lacking. Appro-
priate treatments and preventative agents lack robust evi-
dence at present, with no randomised clinical trials, mean-
ing that this is a key area for further research. Management
will be aided by large-scale studies investigating pathogen-
esis and predisposing factors.

Some progress is being made with the use of sensitive
computerised cognitive tests during therapy, currently be-
ing tested for their prognostic value in picking out patients
at high risk of long-term adverse neurocognitive outcomes
early during therapy [118,119]. Such early identification
is essential if interventions are to have the best chance of
preventing long-term damage. Alternatively, the discovery
of CSF biomarkers might identify patients with subclinical
neurological insult, thus acting as a predictive biomarker
as well as providing possible mechanistic insight and new
therapeutic targets.

Recent studies have begun to utilise GWAS to iden-
tify candidate predisposition genes, and potentially, in the
future, genetic testing could be used to identify patients
most at risk [19,95]. It is important to highlight that while
GWAS studies may be helpful in improving our understand-
ing, predictive value may be low as there are likely to be
many gene-environment interactions. Therefore, it is im-
perative for future studies to further understand genetic, epi-
genetic, and environmental factors which may predispose to
methotrexate neurotoxicity.

The majority of neurotoxicity is reported with high-
dose and intrathecal methotrexate administration; however,
neurotoxic effects are still possible in patients on LD-MTX.
Given how widely LD-MTX is used, further work to delin-
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eate neurotoxic effects at lower doses is important for opti-
mising quality-of-life outcomes for patients.

Evidence-based guidelines on screening and interven-
tion for chronic effects of MTX are also needed to identify
patients at risk and offer enhanced support to maximise aca-
demic and social functioning.

In summary, key clinical research gaps include: dis-
covery science to better understand the aetiology of the
whole spectrum of methotrexate neurotoxicity, develop-
ment of predictive and prognostic biomarkers to identify
high-risk populations, randomised controlled trials of pro-
posed treatments/preventative measures such as NMDA an-
tagonists and antioxidants in these high-risk patients and a
better understanding of how to manage chronic neurotoxi-
city.

6. Conclusion

Methotrexate neurotoxicity is an important and po-
tentially serious toxicity, more prevalent in those receiv-
ing high-dose or intrathecal methotrexate. It can have a
very heterogeneous presentation with acute, sub-acute and
chronic symptoms, which can lead to significant morbid-
ity. The pathophysiology of methotrexate neurotoxicity re-
mains poorly understood. Appropriate treatments, predic-
tive biomarkers and preventative agents lack robust evi-
dence at present, representing a key area for future research.

Key Points

* Neurological toxicity is an important and potentially
life-threatening complication of high-dose or intrathecal
methotrexate treatment.

* The delayed onset of stroke-like syndrome and
seizures can lead to emergency presentation out of hours
to acute care providers; widespread awareness is needed to
avoid inappropriate management, such as thrombolysis.

* The mechanism of methotrexate neurotoxicity is yet
to be fully elucidated; however, it is likely complex and
multifactorial.

e Current treatments lack robust evidence, and the
mainstay of care is supportive.

* Research gaps include: understanding fully the
mechanisms of methotrexate neurotoxicity, identifying
reliable biomarkers for predicting risk and developing
evidence-based treatments.
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