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A review of methamphetamine 
use and stroke in the young
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Methamphetamine (meth) is a potent and addictive central nervous system 
stimulant with increasing use. Stroke is one severe possible complication 
of meth use. Due to high levels of manufacturing in Mexico, the western 
United States has experienced greater consequences of meth use. The literature 
reviewed herein is comprised of case studies and series, and it suggests that 
hemorrhagic stroke (including hypertensive-like intracerebral hemorrhage and 
aneurysmal subarachnoid hemorrhage), as opposed to ischemic stroke, is the 
more common type of neurovascular complication of meth use. Meth-related 
strokes are a particular concern for younger patients with stroke and may be a 
partial explanation for increasing stroke rates in this age group. We describe two 
cases (one intraparenchymal hemorrhage and one ischemic stroke) in young 
patients (<50 years old) with recent meth use to illustrate clinical characteristics 
and therapeutic considerations. There are several proposed pathophysiological 
explanations for meth-associated hemorrhagic stroke including an induced 
hypertensive surge, vasospasm, blood brain barrier breakdown, chronic 
hypertension, aneurysm development and rupture, and very rarely associated 
vasculitis. The increased risk of ischemic stroke related to meth use is less well 
supported in the literature, but this may, in part, be related to a lack of appropriately 
designed and powered research studies. Proposed mechanisms for ischemic 
stroke complications of meth use include those affecting blood vessels such as 
accelerated atherosclerosis, chronic hypertension, vasospasm, and vasculitis, plus 
mechanisms that affect the heart including cardiomyopathy, arrhythmias, and 
infective endocarditis (especially with injection drug use). Standard therapeutic 
interventions for acute stroke and approaches to secondary stroke prevention 
seem appropriate for meth-associated strokes, with the addition of abstinence 
from continued meth use. There is no evidence for any meth-specific stroke 
treatments. Finally, the prolonged duration of meth withdrawal is described. 
Larger, prospective studies of meth-related strokes are needed to allow for a 
better understanding and improved care for this often-devastating consequence 
of an increasingly prevalent cause of strokes in young patients.
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Introduction

Methamphetamine (meth), a potent and highly addictive central nervous system 
stimulant, is increasingly abused worldwide with far reaching health consequences. Increased 
risk of stroke is among the most devasting impacts. Escalating rates of stroke in the young have 
been attributed to a rise in traditional vascular risk factors (1–4), but substance abuse may also 
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contribute (5–9). Given its cardiovascular toxicity (10–13), meth 
warrants special consideration.

Methamphetamine’s name derives from the additional methyl 
group on its chemical structure, as compared to amphetamine. This 
added methyl group enhances lipid solubility, allowing for more rapid 
transit across the blood brain barrier, increased potency, and longer 
lasting central nervous system stimulant effects (14–18). The terminal 
half-life of meth is approximately 10 h with significant variability 
among individuals due to its hepatic metabolism via cytochrome p450 
2D6 (17). Compared to cocaine, which has a half-life of only 0.5–1.5 h, 
meth has a relatively long effect (19). Once inside the brain, meth 
increases release and blocks reuptake and degradation of the 
monoamine neurotransmitters: dopamine, serotonin, and 
norepinephrine (12, 16, 17).

Epidemiology of meth use globally 
and in North America

Worldwide, 1 in 17 people aged 15–64 used a recreational drug in 
the past year, representing a 23% increase over the last decade. The 
United Nations drug report describes meth as “the world’s dominant 
illegally manufactured synthetic drug,” and globally, 36 million people 
used amphetamines (including meth) (20). In part because it is a 
synthetic drug that is not dependent on the vagaries of weather, labor, 
and land as for plant-based drugs, meth is increasingly available. 
Prevalence of meth use is highest in North America followed by East and 
South East Asia, but meth is also the prime drug of concern in Australia 
and New Zealand and is expanding into non-traditional geographic 
locations including: South West Asia, the Near and Middle East, South 
East Africa and West Africa (20).

Despite the global expansion of meth trafficking and use, East and 
South East Asia and North America account for nearly 90% of the global 
meth seized between 2017 and 2021 with the 2021 seizures of meth in 
North America at a record high (20). The landscape of North American 
meth production has shifted over time and in response to legislative 
attempts to curb meth use and production. Throughout the 1990s and 
early 2000s, domestic production of meth in the United States (US) rose 
as both small home-based laboratories and more refined super 
laboratories were converting ephedrine and pseudoephedrine (found in 
over-the-counter cold medications) into meth (21, 22). The Combat 
Methamphetamine Epidemic Act, enacted in 2006 and preceding state 
legislation, more strictly regulated the sale of meth precursors, 
substantially suppressing US domestic meth production. However, 
rather than curtailing meth production and use, this shifted production 
further into Mexico (23, 24). Today, most meth produced in Mexico is 
smuggled across the US border, explaining in large part the higher 
historical prevalence of meth use in the Western US (23, 24). The 
National Forensic Laboratory Information System compiles drug testing 
results from participating US state and local labs and provides a sense of 
regional drug trends over time. In 2022, the majority (39%) of meth drug 
submissions came from the Western US, compared to 33% in the South, 
29% in the Midwest, and 8% in the Northeast (25), suggesting over time 
that meth has infiltrated beyond the Western US, particularly into the 
South and Midwest.

In the United States, 1 in 4 people aged 12 or older used illicit drugs 
in 2022. After marijuana, central nervous system stimulants are the most 
widely used recreational drug in the US with 10.2 million users, 2.7 

million of whom are using meth (26). United  States meth use has 
increased 93% from 2016 to 2022 (26, 27), and it is important to note 
these numbers do not include some of the highest risk populations—
people who are unhoused or in prison. Meth use in 2022 was highest 
amongst those aged 26 or older (28). The profile of meth users has 
diversified over time. Looking at US trends from 2015 to 2019, meth 
users were 50.9% women, and rising use was seen among homosexual 
men, American Indian or Alaskan Native people, Hispanic people, and 
White people, as well as those with lower level of education (high school 
or less) and lower annual household incomes (29).

In addition to meth use increasing and users diversifying, riskier use 
patterns are emerging in tandem with a rise in overdose deaths. Frequent 
use of meth (defined by >100 days in the past 12 months) increased from 
42 to 50% between 2015 to 2019 (29), and in 2022, around two-thirds of 
people using meth met criteria for meth use disorder (26). Meth use 
disorder is defined by the Diagnostic and Statistical Manual, Fifth edition 
and requires two or more criteria suggesting escalating patterns of use; 
use regardless of personal, social, or physical harms; and/or signs of 
tolerance or withdrawal (30). Further escalating concern is the increase 
in US overdose deaths involving meth (29, 31, 32). Overdose deaths 
involving psychostimulants other than cocaine (mainly meth) rose 180%, 
and overdose deaths involving psychostimulants with opiates jumped 
266% from 2015 to 2019 (29). This increase in polysubstance overdose 
deaths with co-involvement of meth and opiates peaked in 2021, the 
most recent year of data, with 61.2% of deaths due to meth with heroin 
or fentanyl (31, 32). The trend in co-use of meth with opiates is not 
limited to overdose; those with meth use are more likely to also have 
nicotine dependence, cannabis, cocaine, hallucinogen, opioid, and 
prescription stimulant use (29).

Escalating global use of meth and overdose deaths involving meth 
create an imperative to improve understanding of its harmful effects, 
including its cardiovascular impacts. Given the prevalence of meth use 
in the young (26, 33) and meth’s cardiovascular toxicity (10–13), meth 
use is highly relevant to stroke in the young. Previous studies, while not 
specific to meth, have suggested illicit drug use is a relevant contributor 
to stroke in young adults (6–9). One such study exploring the etiology of 
stroke in the young identified substance abuse as the fifth most likely 
etiology following cardioembolism, small vessel disease, hematologic 
disorders/other, and nonatherosclerotic vasculopathy (8). Depending on 
the patient population evaluated, stroke risk among substance abusers 
may be as high as 6.5 times that of non-users (9). Concerningly, there is 
suggestion that recreational drug use is increasing overall, and higher 
rates of drug use are being observed in young patients with stroke (6, 7, 
9). A more recent look at the Greater Cincinnati Northern Kentucky 
Stroke registry discovered increased substance use over time among 
young adults with stroke, rising from 4.4% in 1993–1994 to 28.9% in 
2015 (7). While these prior studies of substance abuse amongst the young 
did not specifically scrutinize meth use, there is a growing body of 
literature to support the association of meth with stroke in the young.

Methamphetamine-related 
hemorrhagic stroke

Case vignette

A 47-year-old man with a history of untreated hypertension had 
a fall with seizure-like activity and was found to be  aphasic with 
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systolic blood pressures over 250 mm Hg. He  was not on 
anticoagulation but had taken an aspirin earlier that day. He  was 
intubated in the field for airway protection and taken to a local 
hospital. Computed tomography (CT) head demonstrated a large 
intraparenchymal hemorrhage in the left basal ganglia measuring 7.4 
× 4.5 × 5.1 cm with associated vasogenic edema, subfalcine herniation, 
and 1 cm of left to right midline shift (Figure 1A). A blend sign was 
also noted (Figure 1B), suggestive of a high risk of hematoma growth 
(34). CT angiography (CTA) of the head did not demonstrate any 
evidence of underlying vascular malformation. A urine drug screen 
was positive for meth in addition to the benzodiazepines used for 
intubation. Details on his substance use habits were unclear. He was 
not on any medications that could have produced a false positive 
meth result.

A left-sided craniectomy with hematoma evacuation and external 
ventricular drain (EVD) placement was performed. Post-operative CT 
head demonstrated successful evacuation of most of the hematoma 
and correction of midline shift (Figure 1C). A brain MRI was not 
performed as the etiology was felt to not be  in question. 
He  transitioned from intravenous antihypertensives to orals, and 
normotension was achieved on a two-agent regimen of amlodipine 
10 mg daily and lisinopril 20 mg twice daily. He was discharged to a 
skilled nursing facility 2 weeks after admission with persistent deficits 
of aphasia and right-sided hemiplegia. Prior to admission, he had 
been fully independent; at discharge, he  was bed-bound with a 
modified Rankin scale (mRS) score of 4.

Epidemiology & characteristics of 
methamphetamine-related hemorrhagic 
stroke

Of the many adverse effects of meth use, hemorrhagic stroke is 
one of the best described and most devastating. Since the 1980s, meth 
use has been linked to subarachnoid and intracerebral hemorrhage 
(35, 36). A 2017 review found that over 80% of case reports and series 
on meth-related strokes were hemorrhagic (13). Meth increases the 

likelihood of intracerebral hemorrhage (ICH) by as much as 2–5 times 
(11, 37). The incidence of subarachnoid hemorrhage (SAH) among 
meth users is likely less than ICH. In a 10-year cohort study by Huang 
et al., the incidence of SAH among meth users was 6.2 per 100,000 
person-years compared to 20.8 for ICH (11).

Meth-related hemorrhagic stroke is characterized by distinct 
patient demographics and hallmark regions of brain involvement. 
Critically, meth-related hemorrhagic stroke disproportionately 
impacts a younger population of patients with better pre-morbid 
functional status and less comorbidities than patients with non-meth-
related hemorrhagic stroke (13, 38, 39). Patients with meth-related 
intracerebral hemorrhage (meth-ICH) tend to be men (13, 39) with 
lower rates of hypertension and antithrombotic use, but significantly 
higher rates of smoking (39). Some studies, limited by small sample 
sizes and selection bias, have suggested racial differences regarding 
risk of meth-related ICH with potentially higher rates among Pacific 
Islanders (40) or Hispanic and White people (39).

In the largest single-center cohort of meth-related ICH, meth-ICH 
and non-meth-ICH were mostly commonly in deep brain locations, 
but meth-ICH had significantly less lobar involvement (39). This is 
consistent with conclusions from other case series that meth-ICH 
tends to occur in deep brain structures, such as the basal ganglia, 
thalami, or pons—regions classically associated with hypertensive 
ICH (10, 38, 40). Infratentorial meth-ICH has been less commonly 
reported than supratentorial meth-ICH (10, 38–42). This discrepancy 
between supra- and infratentorial meth-ICH mimics that of non-meth 
hypertensive ICH, in which supratentorial hemorrhages are also more 
common (43). Increasing numbers of infratentorial meth-ICH are 
likely to be found in the literature as the total number of cases of 
meth-ICH rise.

Subarachnoid hemorrhage in patients with meth use is usually 
aneurysmal (10, 13). Patients with meth-associated aneurysmal SAH 
(meth-aSAH) tend to be younger than non-users (44, 45). A consensus 
has not been reached on whether meth-aSAH is associated with a 
higher rate of vasospasm and worse Hunt and Hess grades (44, 45). In 
a group of 23 patients with meth-aSAH, aneurysm type (i.e., saccular, 
fusiform, infectious) and location (anterior vs. posterior circulation, 

FIGURE 1

(A) Axial and (B) coronal views of initial CT head demonstrating a large left basal ganglia intraparenchymal hemorrhage with edema, subfalcine 
herniation, midline shift, and blend sign (blue arrow). (C) Post-craniectomy and EVD CT head displaying hematoma evacuation and corrected midline 
shift.
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proportion within Circle of Willis) were not significantly different 
from patients with aSAH but without meth exposure (46). Patients 
with intravenous administration of meth are also at risk of developing 
infectious aneurysms, which may indirectly lead to meth-related 
hemorrhagic stroke, but these patients are rarely mentioned in the 
literature (47).

Pathophysiology of 
methamphetamine-related hemorrhagic 
stroke

The pathophysiology behind meth-associated hemorrhagic stroke 
remains unclear, but there are several proposed mechanisms 
(Figure 2). Meth induces a dose-dependent hypertensive surge, which 
may lead to direct damage and rupture of small penetrating arteries 
(10, 13, 48, 49). This model is supported by the hypertensive pattern 
of intracerebral hemorrhage commonly observed in patients with 
meth-related ICH, even among those without a history of essential 
hypertension (10, 38–42).

Meth has been shown to induce vasospasm in large and small 
intracerebral arteries (12, 13, 50). A mouse model has suggested that 
the endothelin pathway is involved in meth’s vasoconstrictive effect 
(51). Meth is also known to act upon aminergic receptors like trace 
amine-associated receptor 1 (TAAR1), which might also play a role in 
meth-induced cerebral vasoconstriction (12, 52, 53). Despite the well-
described physiology of meth inducing vasoconstriction, there are few 
cases in the literature of hemorrhage due to meth-induced reversible 
cerebral vasoconstriction syndrome (RCVS), and those that are 
reported have occurred in the setting of other illicit substances and 
serotonergic drugs (54).

In addition to acute hypertension and vasospasm, meth induces 
blood brain barrier (BBB) breakdown (55). In rodents, meth has been 

shown to induce BBB breakdown within hours of administration (55). 
BBB breakdown is thought to occur via a combined effect of meth on 
endothelial cells and inflammatory signaling (55). The role of this 
inflammatory response in ICH is not clear, but it may exacerbate ICH 
outcomes or even predispose patients to posterior reversible 
encephalopathy syndrome (PRES). PRES with hemorrhagic 
conversion has been reported in a few cases of patients with 
polysubstance use including meth (56).

Meth-induced vasculitis has also been put forward as a mechanism 
for meth-induced intracerebral hemorrhage (57, 58). This theory is 
based on histologic evidence of systemic necrotizing angiitis in 14 
patients with intravenous polysubstance use, 12 of whom admitted to 
the use of meth, and 1 of those 12 with exclusive meth use (59). Only 4 
fatal cases were described in detail, 2 with confirmed meth use and 1 
with possible meth use. These autopsy cases had histologically 
confirmed CNS “diseased” arterioles; 1 patient had strokes (both 
ischemic and hemorrhagic) (59). The diagnosis of vasculitis in these 4 
cases was put forth based mostly on findings in other organ systems 
(59). Thus, despite being heavily cited in the literature, extrapolation 
from this case series on the potential for meth to induce CNS vasculitis 
is limited. Several case reports have also linked meth-induced vasculitis 
with intracerebral hemorrhages and ischemic stroke (42, 60, 61). A 
study of meth in rhesus monkeys by Rumbaugh and colleagues 
demonstrated changes in arterial caliber, perivascular infiltration 
around small arterioles, and microaneurysms, but they did not clearly 
demonstrate transmural vascular inflammation or necrotizing arteritis 
(62). In a large series of over 400 deaths in San Francisco in which meth 
was detected, autopsy did not demonstrate any evidence of necrotizing 
angiitis (63), and this was further confirmed by an Australian autopsy 
study evaluating 38 cases of fatal meth-related stroke (64). It is unclear 
whether meth, other substances, or intravenous contaminates are the 
true culprits of vasculitis in these case series. Meth-induced vasculitis 
should be invoked rarely and with skepticism.

FIGURE 2

Schematic of proposed mechanisms by which meth may cause hemorrhagic stroke. RCVS, reversible cerebral vasoconstriction syndrome; PRES, 
posterior reversible encephalopathy syndrome.
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With chronic use, meth may increase the risk of intracranial 
hemorrhage through chronic hypertension, accelerated small vessel 
disease, and aneurysm formation. Unfortunately, there is a paucity of 
literature on sustained systemic hypertension related to meth use. In 
small animal studies, chronic meth use has not been shown to change 
mean arterial pressure (65). Meth has been well-described as a cause 
of pulmonary hypertension, and the varied effects of meth on the 
cardiovascular system make chronic meth use as a driver of systemic 
hypertension credible (12, 48). Meth use has been associated with 
increased white matter hyperintensities, independent of other 
cardiovascular risk factors (66). This is relevant to hemorrhagic stroke 
pathophysiology as a high volume of white matter hyperintensities has 
been associated with an increased risk of intracerebral hemorrhage 
and poorer prognosis (67–69).

Finally, meth-associated aneurysmal SAH (meth-aSAH) has 
raised interest in the role of chronic meth use in aneurysm 
development and rupture (10, 13, 70). In a descriptive case series of 
62 patients with intracranial aneurysms and meth use by Noblett et al., 
the median diameter of ruptured aneurysms was only 5.5 mm and the 
mean 6.3 mm (70). Prior prospective studies reported a risk of rupture 
of <1% per year rupture in intracranial aneurysms under 7 mm (71–
73); thus, Noblett et  al. queried whether the meth-aSAH median 
ruptured aneurysm size of 5.5 mm might reflect a higher rupture risk 
of small aneurysms for meth users (70). However, a recent meta-
analysis of ruptured aneurysms reported a mean size of 6.1 mm, 
accentuating the limits of size alone in predicting rupture and the 
importance of other variables such as aneurysm growth, location, and 
morphology parameters (74). A case of cerebral aneurysm growth 
over just 3 weeks in a patient with chronic meth use (75) prompts 
speculation that meth may accelerate aneurysm expansion. The 
chronic hypertensive and inflammatory effects of meth may foster 
intracranial remodeling, thereby leading to aneurysm formation (46). 
Smoking, which is common among meth users, likely also contributes 
(44, 45). Once aneurysms form, patients with meth-aSAH have 
similar factors predictive of rupture (76) compared to aSAH without 
meth, including bottleneck factor (maximum width/neck width) and 
height-to-width ratio; however, the aspect ratio (a measure of 
aneurysm height relative to neck width) is significantly larger in the 
meth-aSAH group (46). Further studies are warranted to clarify the 
acute and chronic mechanisms by which meth increases hemorrhagic 
stroke risk.

Therapeutic considerations & outcomes in 
meth-related hemorrhagic stroke

As illustrated by the case above, the presence of meth does not 
demonstrably change the acute management of hemorrhagic stroke. 
There has been a historical reluctance among clinicians to use beta-
blockers in patients with stimulant use due to a theoretical risk of 
unopposed alpha receptor stimulation exacerbating vasoconstriction, 
but real-world evidence is lacking (77). Surgical management of meth-
related hemorrhagic stroke, including EVD placement, minimally 
invasive clot evacuation, decompressive craniectomy, and intervention 
on aneurysms, should be pursued according to the most up-to-date 
evidence among non-meth users. There is a significant knowledge gap 
on the surgical management of meth-related aneurysms. Prospective 
studies are required to clarify the risk of aneurysm rupture in meth 

users, particularly as it relates to aneurysm size, location, and rate 
of growth.

The effect of meth use on outcomes after hemorrhagic stroke 
remains uncertain. In a retrospective analysis by Swor et al., meth-
positive patients with ICH (n = 41) were compared to meth-negative 
patients (38). Meth-positive patients had a higher mean arterial 
pressure, higher diastolic blood pressure, required more days of IV 
hypertensive agents, and had longer ICU and hospital stays (38). In a 
similar but slightly larger study (n = 61 meth-ICH), there was no 
significant difference in mean blood pressures, duration of ICU care, 
or length of hospital stay between patients with meth-ICH and 
non-meth-ICH (39). There was also no significant difference in 
NIHSS, GCS, or ICH scores between groups, though patients with 
meth-ICH were more likely to undergo surgical intervention, which 
might be explained by their younger age (39). At discharge, there was 
no significant difference in functional outcomes or mortality between 
the meth and non-meth ICH groups, but the change from pre-morbid 
to discharge mRS was greater in the meth-ICH group (38, 39).

Meth has been hypothesized to worsen outcomes in aSAH. Beadell 
et al. reported worse outcomes at discharge in patients with aSAH and 
meth use compared to age-matched controls (median Glasgow 
Outcome Score 3 vs. 5, p < 0.001) (44). Meth use has also been 
associated with worse clinical outcomes from aSAH at 1 year (OR = 5, 
95% CI 1.03–24) and 3 years (OR = 7.2, 95% CI 1.2–30) compared to 
non-meth users (45). These retrospective studies suggest an 
association of meth use and poor outcomes from aneurysmal SAH but 
are hampered by small sample sizes, selection bias, high rates of 
polysubstance use among meth users, and a lack of reporting on the 
dose and duration of meth exposure.

Methamphetamine-related ischemic 
stroke

Case vignette

A 33-year-old man presented within an hour of symptom onset 
with sudden left hemiparesis, right gaze deviation, and confusion. 
Initial NIH Stroke Scale (NIHSS) was 15. CT head showed a slightly 
hyperdense right M1 (Figure 3A), confirmed to be a right middle 
cerebral artery (MCA) occlusion on vessel imaging. He was given 
tenecteplase at a local hospital, then transferred to a comprehensive 
stroke center for thrombectomy. Digital subtraction angiogram (DSA) 
revealed a persistent right M1 occlusion as well as a right A2 occlusion, 
but access was complicated by significant vasospasm with 
instrumentation of the internal carotid artery (ICA) (Figure 4C). After 
1 pass with combined stent retriever and aspiration approach, there 
was successful TICI 2b reperfusion (Figures 3B,C). However, beyond 
the area of occlusion, multiple foci of vasospasm were noted in the 
MCA territory (Figure 4A). The patient was treated with 3 mL of intra-
arterial (IA) milrinone for the MCA vasospasm. The balloon catheter 
was then retracted, and 5 mL of IA milrinone were given for the ICA 
vasospasm. After milrinone treatment, there was angiographic 
improvement of the vasospasm (Figures 4B,D).

Urine toxicology screen was positive for meth, but no additional 
history of use was documented. Other stroke work up returned 
unremarkable with normal transthoracic echocardiogram (ejection 
fraction 65%, normal atrial and ventricular size, no interatrial shunt), 
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FIGURE 4

(A) Lateral view of the right ICA injection on DSA, showing multiple areas of vasospasm within the MCA branches (arrows). (B) Same view following 
milrinone treatment, showing significant improvement in vasospasm with much shorter affected segments (arrows). (C) Lateral view of the cervical 
right ICA through a right CCA injection on DSA in the late arterial phase, showing significant vasospasm (arrows) within the proximal right ICA. (D) Same 
view following milrinone treatment, showing significant improvement in vasospasm (arrows).

FIGURE 3

(A) Non-contrast CT showing the right-sided hyperdense vessel sign in the MCA. (B) AP view of the right ICA injection on the digital subtraction 
angiogram (DSA), showing the proximal right M1 cutoff. (C) AP view of the right ICA injection following successful reperfusion, early arterial phase.
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no atrial fibrillation on 2 days of inpatient telemetry, LDL 48, 
hemoglobin A1c 5.5, BNP 33, and minimal atherosclerotic disease on 
CTA. Long-term cardiac monitoring was not performed. MRI Brain 
on hospital day 3 showed a moderate sized stroke involving the basal 
ganglia, insular cortex, and temporal lobe with minimal petechial 
hemorrhage. Fazekas score was 1 with periventricular caps but no 
deep white matter hyperintensities outside of the acute stroke. The 
etiology of stroke was felt secondary to meth-induced vasospasm. His 
course was complicated by headaches, which were treated successfully 
with gabapentin. A repeat CTA on hospital day 2 did not show 
evidence of continued vasospasm, so no vasodilatory medications 
were used. On hospital day 9, he was discharged to inpatient rehab, 
where he stayed for 1 month. At discharge from rehab, the patient 
could walk independently with a single point cane, though 
he continued to have significant left hand and finger weakness. He was 
treated with aspirin 325 mg daily and tizanidine for post-
stroke spasticity.

Epidemiology of 
methamphetamine-related ischemic stroke

While not as common as hemorrhagic stroke, ischemic stroke has 
been reported as a sequela of both recent and chronic meth use in 
multiple case series (10, 13, 64, 78). The incidence of meth-associated 
ischemic stroke is unknown and represents a current knowledge gap. 
Two population-based studies report a lack of statistical association 
between meth use and ischemic stroke (11, 37). It must be noted that 

both studies identified their cohorts using ICD codes for hospitalized 
patients, which introduces bias in patient selection. Huang et al. (11), 
who conducted a 10-year follow up study in Taiwan with a meth 
cohort, posited that an even longer duration of monitoring may 
be needed to see the association between meth use and ischemic stroke.

In terms of stroke subtypes, Zhu et al. (66) compared meth and 
non-meth users with ischemic stroke admissions at a single center in 
California and found no significant difference in the percent of strokes 
from small vessel disease (31% vs. 28%), large vessel disease (25% vs. 
24%), or cardioembolism (34% vs. 46%). They did, however, find 
increased burden of microvascular ischemic disease on MRI in meth 
users compared to a propensity matched control group (66).

Route of administration is rarely reported in the literature, so it is 
unclear if this has any impact on the risk of neurovascular disease. In 
a small case review of 17 ischemic strokes, patients with inhalational 
use represented 4 times the number of cases compared to oral use or 
injection use (13). Further investigation is warranted as the small case 
numbers in these studies increase the risk of bias.

Pathophysiology of 
methamphetamine-related ischemic stroke

Despite the paucity of epidemiologic evidence for meth-associated 
ischemic stroke, there are multiple pathophysiologic pathways by 
which meth use may contribute (Figure  5). As already discussed 
apropos to hemorrhagic stroke, meth has direct effects on blood 
vessels, leading to hypertension, acute vasospasm, and rarely vasculitis 

FIGURE 5

Schematic of proposed mechanisms by which meth may cause ischemic stroke.
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(12, 13, 50, 57–59). Unique to ischemic stroke pathophysiology, 
chronic meth use also accelerates the development of atherosclerotic 
disease in both large and small vessels (10, 13, 64, 79). In a mouse 
model, Gao et  al. showed a dose-dependent increase in aortic 
atherosclerotic disease after 24 weeks of meth use without any change 
in the circulating lipids, prompting suspicion for an alternative 
explanation (79, 80). Meth appears to act through multiple 
proinflammatory mechanisms, including increased production of 
reactive oxygen species (12, 81). These result in endothelial activation 
and smooth muscle fibrotic remodeling, which can lead to overall 
increased atherosclerotic plaque burden as well as potentially 
increased plaque vulnerability in chronic meth users (12, 82).

The vascular effects of meth can also lead to cardioembolic 
strokes. In animal models, long-term meth exposure results in 
cardiomyocyte dysfunction and diffuse edema through a combination 
of inflammatory and ischemic mechanisms, which in turn, lead to 
fibrosis, necrosis, and enlargement of the heart (12). Meth-associated 
cardiomyopathy is typically characterized by isolated left or bilateral 
ventricular enlargement and reduced ejection fraction, and it can lead 
to ischemic stroke via several mechanisms. In a small series of 30 meth 
users with cardiomyopathy and reduced ejection fraction, 33% (10/30) 
of patients were found to have ventricular thrombi (83). Meth 
cardiomyopathy also disrupts electrical conduction, leading to 
arrhythmias. QTc prolongation was the most frequent 
electrocardiogram abnormality at 27% in a cohort study of 158 meth 
users (84). Atrial fibrillation is a major source of cardioembolic 
strokes, and a 2022 database analysis of California residents showed 
meth users had an 86% increased risk of atrial fibrillation diagnosis, 
as compared to their non-user counterparts (85). Importantly, the 
cardiotoxic effects of meth have been documented with acute, chronic, 
and binge-pattern meth use, but the severity of use is an independent 
predictor of outcomes (12, 86–88).

Infective endocarditis (IE) is another possible etiology for 
ischemic stroke in people using intravenous meth. Reports of resultant 
stroke are difficult to find in the literature, but Johnstone et al. used a 
Canadian cohort to compare IE patterns for people who inject opioids 
and stimulants. They found that, while 66% of opioid users with first-
time IE developed a right heart infection, there was an even 
distribution of left and right-sided heart disease among stimulant 
users (75% meth but also included cocaine, buproprion, and 
methylphenidate), creating increased potential for embolic stroke (47).

Therapeutic considerations in 
methamphetamine ischemic stroke

Unsurprisingly, given the low number of cases, clinical outcomes 
following acute therapies for meth-associated ischemic stroke are not 
well-reported in the literature (89). There is only one case report 
documenting the use of thrombolytics. McIntosh et al. described the 
case of a young woman with recent meth use who presented with a left 
ICA dissection and an NIHSS of 21. She received IV alteplase (tPA) 
within 80 min of symptom onset and had significant improvement in 
symptoms with follow up MRI showing a small left frontal lobe infarct 
(90). A single center review of 29 cocaine-positive patients showed no 
complications of tPA use for acute strokes, despite these patients 
having more severe stroke symptoms at baseline than their cocaine-
negative comparator group (91). While avoiding the delay of 

time-sensitive therapies, it may be appropriate to discuss the lack of 
outcome data among patients with meth use with the patient or family 
members prior to thrombolytic administration, if substance use 
history is known.

Thrombectomy is similarly infrequently discussed in the literature. 
Chapman et al. described a young man with 6 months of sustained 
meth use and a resultant severe cardiomyopathy who presented with 
a cardioembolic right MCA occlusion. He had a technically successful 
mechanical thrombectomy 5 h after symptom onset and clinical 
resolution of neurologic deficits (92). No further details of the 
thrombectomy were given. Borrowing from the cardiovascular 
literature, Khaheshi et al. asserted that consideration of aspiration 
thrombectomy, balloon angioplasty, and/or medical therapies as first 
line therapies is appropriate when vasospasm or atherosclerotic 
disease are the favored mechanisms of vessel occlusion (93). 
Loewenhardt et al. described a chronic meth user who presented with 
an MCA occlusion that was treated with balloon angioplasty without 
complication (78, 94). Outside of the case presented in this paper, 
there is no mention of vasospasm as a complication of angiographic 
interventions in the literature.

In summary, there is a lack of high-quality data on acute stroke 
therapies in meth users. However, it makes clinical sense to offer these 
patients standard therapies, including thrombolytics or thrombectomy 
if they otherwise qualify. The same principle applies in choosing an 
appropriate antithrombotic regimen for secondary stroke prevention. 
Providers should be  vigilant against any negative bias related to 
substance use that might influence stroke management decisions.

Diagnostic challenges and 
management

Clinical suspicion and appropriate testing are critical for the 
recognition of meth use in young stroke patients. Urine toxicology can 
detect meth up to 4 days following last use, but amphetamines are also 
the most reported false positive result (95). Due to cross-reactivity, use 
of certain antihistamines and decongestants (brompheniramine, 
phenylpropanolamine, nasal inhaler, ranitidine), antidepressants 
(buproprion, trazodone), and antipsychotics (chlorpromazine, 
promethazine) can result in false positives on initial screening tests 
(95). Importantly in the care of stroke patients, a metabolite of 
labetalol can also produce a false positive for amphetamines (96). 
Typically, confirmatory testing with liquid chromatography-mass 
spectrometry (LC–MS) can distinguish false positives from true 
positives (97). Urine tox screening also misses chronic or binge meth 
users who have not used in the last 4 days, so there is no substitution 
for taking a thorough substance use history.

Substance use history should include route of administration, 
frequency/duration of use, and co-administration with other drugs, 
but considering the significant stigma that comes with substance use, 
this can be a challenging history to obtain. Coffin et al. recommend a 
motivational interviewing style to assess the patient’s understanding 
of the benefits and harms of meth in addition to their goals regarding 
future use (98). Zhu et al. (39) found that, after excluding those with 
recent exposure to medications that can lead to false positives, 7.7% 
(29/379) of patients in a hemorrhagic stroke cohort who denied meth 
use tested positive for amphetamines on a urine drug screening. Clear 
communication may be another barrier to accurate history taking, as 
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meth is known by many street names, including crank, ice, crystal, 
speed, and glass (99). An understanding of the local terminology may 
improve accuracy.

Meth cessation is a cornerstone of optimal patient care. Existing 
studies provide moderate-strength evidence that meth cessation is 
associated with reversal of cardiac dysfunction, left ventricular 
remodeling, and improvement in NYHA functional class (100). 
Reduced exposure to the sympathomimetic effects of meth likely 
results in better blood pressure control. It would be reasonable to 
conclude that stroke risk decreases with cessation of meth use, though 
this is not clearly documented within the literature.

There are no proven pharmaceutical options for meth cessation. 
Mirtazapine has shown some promise in phase 2 trials for the reduction 
of meth use and of sexual risk behaviors that can increase risk of HIV 
infection, but additional research on larger populations is needed (101, 
102). Behavioral therapies are the standard of care with the strongest 
evidence in support of contingency management, a therapy that 
reinforces abstinence through incentivization (98). In AshaRani et al. 
(103) review of 44 studies, contingency management outperformed 
cognitive behavioral therapy (CBT) in selected studies, but used alone, 
both therapies were effective during treatment periods. There is limited 
data for sustained abstinence after these therapies. In a sample of 350 
patients admitted to treatment centers in Los Angeles, Brecht & Herbeck 
found a relapse rate of 61% within the first year (104). Unsurprisingly, 
the strongest predictive factor for prolonged time to relapse is the 
patient’s engagement in self-help and/or additional treatment during the 
period of abstinence. Addiction medicine and social work should 
be engaged in the care of these patients and optimally connect them to 
outpatient resources for long-term abstinence.

An oft overlooked complication of hospitalization or voluntary 
cessation is the prolonged withdrawal from meth. Withdrawal is 
characterized by an “early crash” (12–24 h) with exhaustion and 
fatigue followed by the “withdrawal phase,” featuring depressive 
symptoms with increased sleeping and eating (2–4 weeks). Following 
this, the “extinction phase” can last up to 6–12 months with continued 
cognitive deficits and mood changes (105, 106). When this withdrawal 
period overlaps with stroke recovery, it can be difficult to distinguish 
the etiology of new mood and mental status changes.

Conclusion

The rise of meth use increases the importance of clarifying the role 
of meth in stroke physiology and outcomes, especially since meth-
related stroke has its greatest impact on the young. Meth poses a clear 

risk of hemorrhagic stroke and is described as a factor in ischemic 
stroke. Proposed mechanisms of meth-related hemorrhagic stroke 
include hypertension, vasoconstriction (rarely) inflammation/PRES 
and vasculitis, and aneurysm formation and rupture. Chronic 
hypertension, vasospasm, vasculitis, accelerated atherosclerosis, and 
cardiac toxicity may precipitate meth-related ischemic stroke. By 
virtue of the younger age of this population, patients with meth-
related stroke have a greater increase in disability than non-meth 
users. Standard stroke therapies, with the addition of support for 
meth-cessation, should be  employed. Recognition of meth use in 
young patients with stroke can be challenging as it requires prompt 
suspicion, urine testing, and a thorough history on substance use 
habits. Unfortunately, meth is becoming increasingly relevant to 
stroke in the young, hastening the urgency for further investigation 
and higher quality prospective studies.

Author contributions

KH: Writing – original draft, Writing – review & editing. ST: 
Writing – original draft, Writing – review & editing. DT: Writing – 
original draft, Writing – review & editing. AD: Writing – original 
draft, Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Ekker MS, Verhoeven JI, Vaartjes I, van Nieuwenhuizen KM, Klijn CJM, de Leeuw 

FE. Stroke incidence in young adults according to age, subtype, sex, and time trends. 
Neurology. (2019) 92:e2444–54. doi: 10.1212/WNL.0000000000007533

 2. George MG, Tong X, Bowman BA. Prevalence of cardiovascular risk factors and 
strokes in Younger adults. JAMA Neurol. (2017) 74:695–703. doi: 10.1001/
jamaneurol.2017.0020

 3. George MG, Tong X, Kuklina EV, Labarthe DR. Trends in stroke hospitalizations 
and associated risk factors among children and young adults, 1995-2008. Ann Neurol. 
(2011) 70:713–21. doi: 10.1002/ana.22539

 4. Kissela BM, Khoury JC, Alwell K, Moomaw CJ, Woo D, Adeoye O, et al. Age at 
stroke: temporal trends in stroke incidence in a large, Biracial population. Neurology. 
(2012) 79:1781–7. doi: 10.1212/WNL.0b013e318270401d

 5. Bejot Y, Delpont B, Giroud M. Rising stroke incidence in young adults: more 
epidemiological evidence, more questions to be answered. J Am Heart Assoc. (2016) 
5:e003661. doi: 10.1161/JAHA.116.003661

 6. de los Ríos F, Kleindorfer DO, Khoury J, Broderick JP, Moomaw CJ, Adeoye O, et al. 
Trends in substance Abuse preceding stroke among young adults: a population-based 
study. Stroke. (2012) 43:3179–83. doi: 10.1161/STROKEAHA.112.667808

 7. Madsen TE, Cummings OW, de Los Rios la Rosa F, Khoury JC, Alwell K, Woo D, et al. 
Substance use and performance of toxicology screens in the greater Cincinnati northern 
Kentucky stroke study. Stroke. (2022) 53:3082–90. doi: 10.1161/STROKEAHA.121.038311

 8. Kittner SJ, Stern BJ, Wozniak M, Buchholz DW, Earley CJ, Feeser BR, et al. Cerebral 
infarction in young adults: the Baltimore-Washington cooperative young stroke study. 
Neurology. (1998) 50:890–4. doi: 10.1212/WNL.50.4.890

https://doi.org/10.3389/fneur.2024.1397677
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1212/WNL.0000000000007533
https://doi.org/10.1001/jamaneurol.2017.0020
https://doi.org/10.1001/jamaneurol.2017.0020
https://doi.org/10.1002/ana.22539
https://doi.org/10.1212/WNL.0b013e318270401d
https://doi.org/10.1161/JAHA.116.003661
https://doi.org/10.1161/STROKEAHA.112.667808
https://doi.org/10.1161/STROKEAHA.121.038311
https://doi.org/10.1212/WNL.50.4.890


Hemphill et al. 10.3389/fneur.2024.1397677

Frontiers in Neurology 10 frontiersin.org

 9. Kaku DA, Lowenstein DH. Emergence of recreational drug Abuse as a major risk 
factor for stroke in young adults. Ann Intern Med. (1990) 113:821–7. doi: 
10.7326/0003-4819-113-11-821

 10. Ho EL, Josephson SA, Lee HS, Smith WS. Cerebrovascular complications of 
methamphetamine Abuse. Neurocrit Care. (2009) 10:295–305. doi: 10.1007/
s12028-008-9177-5

 11. Huang MC, Yang SY, Lin SK, Chen KY, Chen YY, Kuo CJ, et al. Risk of 
cardiovascular diseases and stroke events in methamphetamine users: a 10-year follow-
up study. J Clin Psychiatry. (2016) 77:1396–403. doi: 10.4088/JCP.15m09872

 12. Kevil CG, Goeders NE, Woolard MD, Bhuiyan MS, Dominic P, Kolluru GK, et al. 
Methamphetamine use and cardiovascular disease. Arterioscler Thromb Vasc Biol. (2019) 
39:1739–46. doi: 10.1161/ATVBAHA.119.312461

 13. Lappin JM, Darke S, Farrell M. Stroke and methamphetamine use in young adults: 
a review. J Neurol Neurosurg Psychiatry. (2017) 88:1079–91. doi: 10.1136/
jnnp-2017-316071

 14. National Institute on Drug Abuse (NIDA) (2023). Methamphetamine Research 
Report. Available at: https://nida.nih.gov/publications/research-reports/
methamphetamine/overview

 15. Gulaboski R, Cordeiro MN, Milhazes N, Garrido J, Borges F, Jorge M, et al. 
Evaluation of the lipophilic properties of opioids, amphetamine-like drugs, and 
metabolites through electrochemical studies at the Interface between two immiscible 
solutions. Anal Biochem. (2007) 361:236–43. doi: 10.1016/j.ab.2006.11.006

 16. Panenka WJ, Procyshyn RM, Lecomte T, MacEwan GW, Flynn SW, Honer WG, 
et al. Methamphetamine use: a comprehensive review of molecular, preclinical and 
clinical findings. Drug Alcohol Depend. (2013) 129:167–79. doi: 10.1016/j.
drugalcdep.2012.11.016

 17. Cruickshank CC, Dyer KR. A review of the clinical pharmacology of 
methamphetamine. Addiction. (2009) 104:1085–99. doi: 
10.1111/j.1360-0443.2009.02564.x

 18. Goodwin JS, Larson GA, Swant J, Sen N, Javitch JA, Zahniser NR, et al. 
Amphetamine and methamphetamine differentially affect dopamine transporters 
in vitro and in vivo. J Biol Chem. (2009) 284:2978–89. doi: 10.1074/jbc.M805298200

 19. Roque Bravo R, Faria AC, Brito-da-Costa AM, Carmo H, Mladenka P, Dias da 
Silva D, et al. Cocaine: an updated overview on chemistry, detection, biokinetics, and 
Pharmacotoxicological aspects including Abuse pattern. Toxins (Basel). (2022) 14:278. 
doi: 10.3390/toxins14040278

 20. United Nations Office on Drugs and Crime (UNODC) (2023). World drug report 
2023. Available at: https://www.unodc.org/unodc/en/data-and-analysis/world-drug-
report-2023.html

 21. Gonzales R, Mooney L, Rawson RA. The methamphetamine problem in the 
United  States. Annu Rev Public Health. (2010) 31:385–98. doi: 10.1146/annurev.
publhealth.012809.103600

 22. Vearrier D, Greenberg MI, Miller SN, Okaneku JT, Haggerty DA. 
Methamphetamine: history, pathophysiology, adverse health effects, current trends, and 
hazards associated with the clandestine manufacture of methamphetamine. Dis Mon. 
(2012) 58:38–89. doi: 10.1016/j.disamonth.2011.09.004

 23. Drug Enforcement Administration (DEA) (2020). 2020 National Drug Threat 
Assessment: U.S. Department of Justice DEA. Available at: https://www.dea.gov/sites/
default/files/2021-02/DIR-008-21%202020%20National%20Drug%20Threat%20
Assessment_WEB.pdf

 24. Jones CM, Houry D, Han B, Baldwin G, Vivolo-Kantor A, Compton WM. 
Methamphetamine use in the United States: epidemiological update and implications 
for prevention, treatment, and harm reduction. Ann N Y Acad Sci. (2022) 1508:3–22. 
doi: 10.1111/nyas.14688

 25. National Forensic Laboratory Information System (NFLIS) (2022). Nflis-drug 
2022 annual report. Available at: https://www.nflis.deadiversion.usdoj.gov/nflisdata/
docs/2022NFLIS-DrugAnnualReport.pdf

 26. Substance Abuse and Mental Health Services Administration (2023). Results 
from the 2022 National Survey on drug use and health: a companion infographic 
(Samhsa publication no. Pep23-07-01-007): Center for Behavioral Health Statistics 
and Quality SAaMHSA. Available at: https://www.samhsa.gov/data/report/2022-
nsduh-infographic

 27. Center for Behavioral Health Statistics and Quality (2017). 2016 National survey 
on drug use and health: detailed tables. Available at: https://www.samhsa.gov/data/sites/
default/files/NSDUH-DetTabs-2016/NSDUH-DetTabs-2016.pdf

 28. Substance Abuse and Mental Health Services Administration (2023). Key 
substance use and mental health indicators in the United States: results from the 
2022 National Survey on drug use and health (Hhs publication no. Pep23-07-01-006, 
Nsduh series H-58): Center for Behavioral Health Statistics and Quality SAaMHSA. 
Available at: https://www.samhsa.gov/data/report/2022-nsduh-annual-national-
report

 29. Han B, Compton WM, Jones CM, Einstein EB, Volkow ND. Methamphetamine 
use, methamphetamine use disorder, and associated overdose deaths among us adults. 
JAMA Psychiatry. (2021) 78:1329–42. doi: 10.1001/jamapsychiatry.2021.2588

 30. American Psychiatric Association. Diagnostic and statistical manual of mental 
disorders. 5th ed. Washington, DC: American Psychiatric Association Publishing (2013).

 31. Friedman J, Shover CL. Charting the fourth wave: geographic, temporal, race/
ethnicity and demographic trends in polysubstance fentanyl overdose deaths in the 
United States, 2010-2021. Addiction. (2023) 118:2477–85. doi: 10.1111/add.16318

 32. Hoopsick RA, Andrew YR. Methamphetamine-related mortality in the 
United States: co-involvement of heroin and fentanyl, 1999-2021. Am J Public Health. 
(2023) 113:416–9. doi: 10.2105/AJPH.2022.307212

 33. Jones CM, Compton WM, Mustaquim D. Patterns and characteristics of 
methamphetamine use among adults - United States, 2015-2018. MMWR Morb Mortal 
Wkly Rep. (2020) 69:317–23. doi: 10.15585/mmwr.mm6912a1

 34. Li Q, Zhang G, Huang YJ, Dong MX, Lv FJ, Wei X, et al. Blend sign on computed 
tomography: novel and reliable predictor for early hematoma growth in patients with 
intracerebral Hemorrhage. Stroke. (2015) 46:2119–23. doi: 10.1161/
STROKEAHA.115.009185

 35. Caplan L. Intracerebral Hemorrhage In: HR Tyler and D Dawson, editors. Current 
neurology, vol. II. Boston: Houghton Mifflin Publishing Co (1979)

 36. Caplan LR, Hier DB, Banks G. Current concepts of cerebrovascular disease--
stroke: stroke and drug Abuse. Stroke. (1982) 13:869–72. doi: 10.1161/01.STR.13.6.869

 37. Westover AN, McBride S, Haley RW. Stroke in young adults who Abuse 
amphetamines or cocaine: a population-based study of hospitalized patients. Arch Gen 
Psychiatry. (2007) 64:495–502. doi: 10.1001/archpsyc.64.4.495

 38. Swor DE, Maas MB, Walia SS, Bissig DP, Liotta EM, Naidech AM, et al. Clinical 
characteristics and outcomes of methamphetamine-associated intracerebral 
Hemorrhage. Neurology. (2019) 93:e1–7. doi: 10.1212/WNL.0000000000007666

 39. Zhu Z, Osman S, Stradling D, Shafie M, Yu W. Clinical characteristics and 
outcomes of methamphetamine-associated versus non-methamphetamine intracerebral 
Hemorrhage. Sci Rep. (2020) 10:6375. doi: 10.1038/s41598-020-63480-z

 40. Nakagawa K, Vento MA, Ing MM, Seto TB. Racial disparities in methamphetamine-
associated intracerebral Hemorrhage. Neurology. (2015) 84:995–1001. doi: 10.1212/
WNL.0000000000001339

 41. Chiu ZK, Bennett IE, Chan P, Rosenfeld JV. Methamphetamine-related brainstem 
haemorrhage. J Clin Neurosci. (2016) 32:137–9. doi: 10.1016/j.jocn.2016.03.018

 42. Miyashita T, Hayashi T, Ishida Y, Tsuneyama K, Kimura A, Kondo T. A fatal case 
of pontine Hemorrhage related to methamphetamine Abuse. J Forensic Leg Med. (2007) 
14:444–7. doi: 10.1016/j.jflm.2007.01.006

 43. Delcourt C, Sato S, Zhang S, Sandset EC, Zheng D, Chen X, et al. Intracerebral 
Hemorrhage location and outcome among Interact2 participants. Neurology. (2017) 
88:1408–14. doi: 10.1212/WNL.0000000000003771

 44. Beadell NC, Thompson EM, Delashaw JB, Cetas JS. The deleterious effects of 
methamphetamine use on initial presentation and clinical outcomes in aneurysmal 
subarachnoid Hemorrhage. J Neurosurg. (2012) 117:781–6. doi: 10.3171/2012.7.JNS12396

 45. Moon K, Albuquerque FC, Mitkov M, Ducruet AF, Wilson DA, Crowley RW, et al. 
Methamphetamine use is an independent predictor of poor outcome after aneurysmal 
subarachnoid Hemorrhage. J Neurointerv Surg. (2015) 7:346–50. doi: 10.1136/
neurintsurg-2014-011161

 46. Caton MT, Vitt J, Smith ER, Cooke D, Meisel K, Ko N, et al. Geometric and 
morphologic features of ruptured intracranial aneurysms associated with 
methamphetamine use. World Neurosurg. (2022) 164:e509–17. doi: 10.1016/j.
wneu.2022.05.006

 47. Johnstone R, Khalil N, Shojaei E, Puka K, Bondy L, Koivu S, et al. Different drugs, 
different sides: injection use of opioids alone, and not stimulants alone, predisposes to 
right-sided endocarditis. Open Heart. (2022) 9:e001930. doi: 10.1136/
openhrt-2021-001930

 48. Ferrucci M, Limanaqi F, Ryskalin L, Biagioni F, Busceti CL, Fornai F. The effects 
of amphetamine and methamphetamine on the release of norepinephrine, dopamine 
and acetylcholine from the brainstem reticular formation. Front Neuroanat. (2019) 
13:48. doi: 10.3389/fnana.2019.00048

 49. Hart CL, Gunderson EW, Perez A, Kirkpatrick MG, Thurmond A, Comer SD, et al. 
Acute physiological and Behavioral effects of intranasal methamphetamine in humans. 
Neuropsychopharmacology. (2008) 33:1847–55. doi: 10.1038/sj.npp.1301578

 50. Polesskaya O, Silva J, Sanfilippo C, Desrosiers T, Sun A, Shen J, et al. 
Methamphetamine causes sustained depression in cerebral blood flow. Brain Res. (2011) 
1373:91–100. doi: 10.1016/j.brainres.2010.12.017

 51. Seo JW, Jones SM, Hostetter TA, Iliff JJ, West GA. Methamphetamine induces the 
release of endothelin. J Neurosci Res. (2016) 94:170–8. doi: 10.1002/jnr.23697

 52. Fehler M, Broadley KJ, Ford WR, Kidd EJ. Identification of trace-amine-associated 
receptors (Taar) in the rat aorta and their role in vasoconstriction by Beta-
phenylethylamine. Naunyn Schmiedeberg's Arch Pharmacol. (2010) 382:385–98. doi: 
10.1007/s00210-010-0554-1

 53. Rutigliano G, Accorroni A, Zucchi R. The case for Taar1 as a modulator of central 
nervous system function. Front Pharmacol. (2017) 8:987. doi: 10.3389/fphar.2017.00987

 54. Short K, Emsley HCA. Illicit drugs and reversible cerebral vasoconstriction 
syndrome. Neurohospitalist. (2021) 11:40–4. doi: 10.1177/1941874420953051

 55. Turowski P, Kenny BA. The blood-brain barrier and methamphetamine: open 
sesame? Front Neurosci. (2015) 9:156. doi: 10.3389/fnins.2015.00156

https://doi.org/10.3389/fneur.2024.1397677
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.7326/0003-4819-113-11-821
https://doi.org/10.1007/s12028-008-9177-5
https://doi.org/10.1007/s12028-008-9177-5
https://doi.org/10.4088/JCP.15m09872
https://doi.org/10.1161/ATVBAHA.119.312461
https://doi.org/10.1136/jnnp-2017-316071
https://doi.org/10.1136/jnnp-2017-316071
https://nida.nih.gov/publications/research-reports/methamphetamine/overview
https://nida.nih.gov/publications/research-reports/methamphetamine/overview
https://doi.org/10.1016/j.ab.2006.11.006
https://doi.org/10.1016/j.drugalcdep.2012.11.016
https://doi.org/10.1016/j.drugalcdep.2012.11.016
https://doi.org/10.1111/j.1360-0443.2009.02564.x
https://doi.org/10.1074/jbc.M805298200
https://doi.org/10.3390/toxins14040278
https://www.unodc.org/unodc/en/data-and-analysis/world-drug-report-2023.html
https://www.unodc.org/unodc/en/data-and-analysis/world-drug-report-2023.html
https://doi.org/10.1146/annurev.publhealth.012809.103600
https://doi.org/10.1146/annurev.publhealth.012809.103600
https://doi.org/10.1016/j.disamonth.2011.09.004
https://www.dea.gov/sites/default/files/2021-02/DIR-008-21%202020%20National%20Drug%20Threat%20Assessment_WEB.pdf
https://www.dea.gov/sites/default/files/2021-02/DIR-008-21%202020%20National%20Drug%20Threat%20Assessment_WEB.pdf
https://www.dea.gov/sites/default/files/2021-02/DIR-008-21%202020%20National%20Drug%20Threat%20Assessment_WEB.pdf
https://doi.org/10.1111/nyas.14688
https://www.nflis.deadiversion.usdoj.gov/nflisdata/docs/2022NFLIS-DrugAnnualReport.pdf
https://www.nflis.deadiversion.usdoj.gov/nflisdata/docs/2022NFLIS-DrugAnnualReport.pdf
https://www.samhsa.gov/data/report/2022-nsduh-infographic
https://www.samhsa.gov/data/report/2022-nsduh-infographic
https://www.samhsa.gov/data/sites/default/files/NSDUH-DetTabs-2016/NSDUH-DetTabs-2016.pdf
https://www.samhsa.gov/data/sites/default/files/NSDUH-DetTabs-2016/NSDUH-DetTabs-2016.pdf
https://www.samhsa.gov/data/report/2022-nsduh-annual-national-report
https://www.samhsa.gov/data/report/2022-nsduh-annual-national-report
https://doi.org/10.1001/jamapsychiatry.2021.2588
https://doi.org/10.1111/add.16318
https://doi.org/10.2105/AJPH.2022.307212
https://doi.org/10.15585/mmwr.mm6912a1
https://doi.org/10.1161/STROKEAHA.115.009185
https://doi.org/10.1161/STROKEAHA.115.009185
https://doi.org/10.1161/01.STR.13.6.869
https://doi.org/10.1001/archpsyc.64.4.495
https://doi.org/10.1212/WNL.0000000000007666
https://doi.org/10.1038/s41598-020-63480-z
https://doi.org/10.1212/WNL.0000000000001339
https://doi.org/10.1212/WNL.0000000000001339
https://doi.org/10.1016/j.jocn.2016.03.018
https://doi.org/10.1016/j.jflm.2007.01.006
https://doi.org/10.1212/WNL.0000000000003771
https://doi.org/10.3171/2012.7.JNS12396
https://doi.org/10.1136/neurintsurg-2014-011161
https://doi.org/10.1136/neurintsurg-2014-011161
https://doi.org/10.1016/j.wneu.2022.05.006
https://doi.org/10.1016/j.wneu.2022.05.006
https://doi.org/10.1136/openhrt-2021-001930
https://doi.org/10.1136/openhrt-2021-001930
https://doi.org/10.3389/fnana.2019.00048
https://doi.org/10.1038/sj.npp.1301578
https://doi.org/10.1016/j.brainres.2010.12.017
https://doi.org/10.1002/jnr.23697
https://doi.org/10.1007/s00210-010-0554-1
https://doi.org/10.3389/fphar.2017.00987
https://doi.org/10.1177/1941874420953051
https://doi.org/10.3389/fnins.2015.00156


Hemphill et al. 10.3389/fneur.2024.1397677

Frontiers in Neurology 11 frontiersin.org

 56. Bender CM, Mao CE, Zangiabadi A. Posterior reversible encephalopathy 
syndrome with Hemorrhagic conversion in a patient with active polysubstance Abuse: 
a case report and review of literature. Cureus. (2022) 14:e30909. doi: 10.7759/
cureus.30909

 57. Halpern M, Citron BP. Necrotizing angiitis associated with drug Abuse. Am J 
Roentgenol Radium Therapy, Nucl Med. (1971) 111:663–71. doi: 10.2214/ajr.111.4.663

 58. Younger DS. Central nervous system Vasculitis due to substance Abuse. Neurol 
Clin. (2019) 37:425–40. doi: 10.1016/j.ncl.2019.01.012

 59. Citron BP, Halpern M, McCarron M, Lundberg GD, McCormick R, Pincus IJ, et al. 
Necrotizing angiitis associated with drug Abuse. N Engl J Med. (1970) 283:1003–11. doi: 
10.1056/NEJM197011052831901

 60. Bostwick DG. Amphetamine induced cerebral Vasculitis. Hum Pathol. (1981) 
12:1031–3. doi: 10.1016/S0046-8177(81)80262-6

 61. Shibata S, Mori K, Sekine I, Suyama H. Subarachnoid and intracerebral 
Hemorrhage associated with necrotizing angiitis due to methamphetamine Abuse--an 
autopsy case. Neurol Med Chir (Tokyo). (1991) 31:49–52. doi: 10.2176/nmc.31.49

 62. Rumbaugh CL, Bergeron RT, Scanlan RL, Teal JS, Segall HD, Fang HC, et al. 
Cerebral vascular changes secondary to amphetamine Abuse in the experimental 
animal. Radiology. (1971) 101:345–51. doi: 10.1148/101.2.345

 63. Karch SB, Stephens BG, Ho CH. Methamphetamine-related deaths in San 
Francisco: demographic, pathologic, and toxicologic profiles. J Forensic Sci. (1999) 
44:359–68. doi: 10.1520/JFS14464J

 64. Darke S, Lappin J, Kaye S, Duflou J. Clinical characteristics of fatal 
methamphetamine-related stroke: a National Study. J Forensic Sci. (2018) 63:735–9. doi: 
10.1111/1556-4029.13620

 65. Hassan SF, Wearne TA, Cornish JL, Goodchild AK. Effects of acute and chronic 
systemic methamphetamine on respiratory, cardiovascular and metabolic function, and 
cardiorespiratory reflexes. J Physiol. (2016) 594:763–80. doi: 10.1113/JP271257

 66. Zhu Z, Vanderschelden B, Lee SJ, Blackwill H, Shafie M, Soun JE, et al. 
Methamphetamine use increases the risk of cerebral small vessel disease in young 
patients with acute ischemic stroke. Sci Rep. (2023) 13:8494. doi: 10.1038/
s41598-023-35788-z

 67. Cheng Z, Zhang W, Zhan Z, Xia L, Han Z. Cerebral small vessel disease and 
prognosis in intracerebral haemorrhage: a systematic review and meta-analysis of cohort 
studies. Eur J Neurol. (2022) 29:2511–25. doi: 10.1111/ene.15363

 68. Kaffashian S, Tzourio C, Zhu YC, Mazoyer B, Debette S. Differential effect of 
white-matter lesions and covert brain infarcts on the risk of ischemic stroke and 
intracerebral Hemorrhage. Stroke. (2016) 47:1923–5. doi: 10.1161/
STROKEAHA.116.012734

 69. Liu YT, Lei CY, Zhong LM. Research advancements on the correlation between 
spontaneous intracerebral Hemorrhage of different Etiologies and imaging markers of 
cerebral small vessel disease. Neuropsychiatr Dis Treat. (2024) 20:307–16. doi: 10.2147/
NDT.S442334

 70. Noblett D, Hacein-Bey L, Waldau B, Ziegler J, Dahlin B, Chang J. Increased 
rupture risk in small intracranial aneurysms associated with methamphetamine use. 
Interv Neuroradiol. (2021) 27:75–80. doi: 10.1177/1591019920959534

 71. Morita A, Kirino T, Hashi K, Aoki N, Fukuhara S, Hashimoto N, et al. The natural 
course of unruptured cerebral aneurysms in a Japanese cohort. N Engl J Med. (2012) 
366:2474–82. doi: 10.1056/NEJMoa1113260

 72. Sonobe M, Yamazaki T, Yonekura M, Kikuchi H. Small unruptured intracranial 
aneurysm verification study: suave study, Japan. Stroke. (2010) 41:1969–77. doi: 10.1161/
STROKEAHA.110.585059

 73. Wiebers DO, Whisnant JP, Huston J 3rd, Meissner I, Brown RD Jr, Piepgras DG, 
et al. Unruptured intracranial aneurysms: natural history, clinical outcome, and risks of 
surgical and endovascular treatment. Lancet. (2003) 362:103–10. doi: 10.1016/
S0140-6736(03)13860-3

 74. Sanchez S, Essibayi MA, Hickerson M, Ojeda DJ, Kasab SA, Yoshimura S, et al. 
Morphological characteristics of brain aneurysms among age groups. Interv Neuroradiol. 
(2023) 15:15910199231201520. doi: 10.1177/15910199231201520

 75. Fowler J, Fiani B, Quadri SA, Cortez V, Frooqui M, Zafar A, et al. Impact of 
methamphetamine Abuse: a rare case of rapid cerebral aneurysm growth with 
review of literature. Case Rep Neurol Med. (2018) 2018:1879329. doi: 
10.1155/2018/1879329

 76. Chalouhi N, Hoh BL, Hasan D. Review of cerebral aneurysm formation, growth, 
and rupture. Stroke. (2013) 44:3613–22. doi: 10.1161/STROKEAHA.113.002390

 77. Wilson T, Pitcher I, Bach P. Avoidance of Beta-blockers in patients who use 
stimulants is not supported by good evidence. CMAJ. (2022) 194:E127–8. doi: 10.1503/
cmaj.211347

 78. Dabhi N, Mastorakos P, Sokolowski JD, Kellogg RT, Park MS. Effect of drug use in 
the treatment of acute ischemic stroke: a scoping review. Surg Neurol Int. (2022) 13:367. 
doi: 10.25259/SNI_561_2022

 79. Gao B, Li L, Zhu P, Zhang M, Hou L, Sun Y, et al. Chronic Administration of 
Methamphetamine Promotes Atherosclerosis Formation in Apoe−/− knockout mice 
fed Normal diet. Atherosclerosis. (2015) 243:268–77. doi: 10.1016/j.
atherosclerosis.2015.09.001

 80. Rye KA, Barter PJ, Brown AJ. Speed kills in more ways than one: methamphetamine 
and atherosclerosis. Atherosclerosis. (2015) 243:654–5. doi: 10.1016/j.
atherosclerosis.2015.09.034

 81. McDonnell-Dowling K, Kelly JP. The role of oxidative stress in 
methamphetamine-induced toxicity and sources of variation in the Design of 
Animal Studies. Curr Neuropharmacol. (2017) 15:300–14. doi: 10.2174/157015
9X14666160428110329

 82. Zhu P, Li L, Gao B, Zhang M, Wang Y, Gu Y, et al. Impact of chronic 
methamphetamine treatment on the atherosclerosis formation in Apoe−/− mice 
fed a high cholesterol diet. Oncotarget. (2017) 8:55064–72. doi: 10.18632/
oncotarget.19020

 83. Schurer S, Klingel K, Sandri M, Majunke N, Besler C, Kandolf R, et al. Clinical 
characteristics, histopathological features, and clinical outcome of methamphetamine-
associated cardiomyopathy. JACC Heart Fail. (2017) 5:435–45. doi: 10.1016/j.
jchf.2017.02.017

 84. Haning W, Goebert D. Electrocardiographic abnormalities in methamphetamine 
abusers. Addiction. (2007) 102:70–5. doi: 10.1111/j.1360-0443.2006.01776.x

 85. Gawałko M, Sanders P. Drug Abuse and risk of atrial fibrillation: a neglected 
association. Eur Heart J. (2022) 43:4943–5. doi: 10.1093/eurheartj/ehac614

 86. Chen JP. Methamphetamine-associated acute myocardial infarction and 
cardiogenic shock with Normal coronary arteries: refractory global coronary 
microvascular spasm. J Invasive Cardiol. (2007) 19:E89–92.

 87. Ito H, Yeo KK, Wijetunga M, Seto TB, Tay K, Schatz IJ. A comparison of 
echocardiographic findings in young adults with cardiomyopathy: with and without a 
history of methamphetamine Abuse. Clin Cardiol. (2009) 32:E18–22. doi: 10.1002/
clc.20367

 88. Varner KJ, Ogden BA, Delcarpio J, Meleg-Smith S. Cardiovascular responses 
elicited by the "binge" Administration of Methamphetamine. J Pharmacol Exp Ther. 
(2002) 301:152–9. doi: 10.1124/jpet.301.1.152

 89. Demaerschalk BM, Kleindorfer DO, Adeoye OM, Demchuk AM, Fugate JE, Grotta 
JC, et al. Scientific rationale for the inclusion and exclusion criteria for intravenous 
alteplase in acute ischemic stroke: a statement for healthcare professionals from the 
American Heart Association/American Stroke Association. Stroke. (2016) 47:581–641. 
doi: 10.1161/STR.0000000000000086

 90. McIntosh A, Hungs M, Kostanian V, Yu W. Carotid artery dissection and middle 
cerebral artery stroke following methamphetamine use. Neurology. (2006) 67:2259–60. 
doi: 10.1212/01.wnl.0000249180.61312.d3

 91. Martin-Schild S, Albright KC, Misra V, Philip M, Barreto AD, Hallevi H, et al. 
Intravenous tissue plasminogen activator in patients with cocaine-associated acute 
ischemic stroke. Stroke. (2009) 40:3635–7. doi: 10.1161/STROKEAHA.109.559823

 92. Chapman L, Khalifa I, Sheriff N, Colwell N. Amphetamine-induced 
cardiomyopathy complicated by embolic stroke: a case report. Eur Heart J Case Rep. 
(2022) 6:ytac044. doi: 10.1093/ehjcr/ytac044

 93. Khaheshi I, Mahjoob MP, Esmaeeli S, Eslami V, Haybar H. Simultaneous 
thrombosis of the left anterior descending artery and the right coronary artery in a 
34-year-old crystal methamphetamine abuser. Korean Circ J. (2015) 45:158–60. doi: 
10.4070/kcj.2015.45.2.158

 94. Loewenhardt B, Bernhard M, Pierskalla A, Neumann-Haefelin T, Hofmann E. 
Neurointerventional treatment of amphetamine-induced acute occlusion of the middle 
cerebral artery by intracranial balloon angioplasty. Clin Neuroradiol. (2013) 23:137–43. 
doi: 10.1007/s00062-011-0122-1

 95. Brahm NC, Yeager LL, Fox MD, Farmer KC, Palmer TA. Commonly prescribed 
medications and potential false-positive urine drug screens. Am J Health Syst Pharm. 
(2010) 67:1344–50. doi: 10.2146/ajhp090477

 96. Gilbert RB, Peng PI, Wong D. A labetalol metabolite with analytical characteristics 
resembling amphetamines. J Anal Toxicol. (1995) 19:84–6. doi: 10.1093/jat/19.2.84

 97. Marin SJ, Doyle K, Chang A, Concheiro-Guisan M, Huestis MA, Johnson-Davis 
KL. One hundred false-positive amphetamine specimens characterized by liquid 
chromatography time-of-flight mass spectrometry. J Anal Toxicol. (2016) 40:37–42. doi: 
10.1093/jat/bkv101

 98. Coffin PO, Suen LW. Methamphetamine toxicities and clinical management. NEJM 
Evid. (2023) 2:EVIDra2300160. doi: 10.1056/EVIDra2300160

 99. Drug Enforcement Administration (DEA) (2022). Methamphetamine: U.S. 
Department of Justice DEA, diversion control division. Available at: https://www.
deadiversion.usdoj.gov/drug_chem_info/meth.pdf

 100. Manja V, Nrusimha A, Gao Y, Sheikh A, McGovern M, Heidenreich PA, et al. 
Methamphetamine-associated heart failure: a systematic review of observational studies. 
Heart. (2023) 109:168–77. doi: 10.1136/heartjnl-2022-321610

 101. Coffin PO, Santos GM, Hern J, Vittinghoff E, Walker JE, Matheson T, et al. Effects 
of mirtazapine for methamphetamine use disorder among cisgender men and 
transgender women who have sex with men: a placebo-controlled randomized clinical 
trial. JAMA Psychiatry. (2020) 77:246–55. doi: 10.1001/jamapsychiatry.2019.3655

 102. Colfax GN, Santos GM, Das M, Santos DM, Matheson T, Gasper J, et al. 
Mirtazapine to reduce methamphetamine use: a randomized controlled trial. Arch Gen 
Psychiatry. (2011) 68:1168–75. doi: 10.1001/archgenpsychiatry.2011.124

https://doi.org/10.3389/fneur.2024.1397677
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.7759/cureus.30909
https://doi.org/10.7759/cureus.30909
https://doi.org/10.2214/ajr.111.4.663
https://doi.org/10.1016/j.ncl.2019.01.012
https://doi.org/10.1056/NEJM197011052831901
https://doi.org/10.1016/S0046-8177(81)80262-6
https://doi.org/10.2176/nmc.31.49
https://doi.org/10.1148/101.2.345
https://doi.org/10.1520/JFS14464J
https://doi.org/10.1111/1556-4029.13620
https://doi.org/10.1113/JP271257
https://doi.org/10.1038/s41598-023-35788-z
https://doi.org/10.1038/s41598-023-35788-z
https://doi.org/10.1111/ene.15363
https://doi.org/10.1161/STROKEAHA.116.012734
https://doi.org/10.1161/STROKEAHA.116.012734
https://doi.org/10.2147/NDT.S442334
https://doi.org/10.2147/NDT.S442334
https://doi.org/10.1177/1591019920959534
https://doi.org/10.1056/NEJMoa1113260
https://doi.org/10.1161/STROKEAHA.110.585059
https://doi.org/10.1161/STROKEAHA.110.585059
https://doi.org/10.1016/S0140-6736(03)13860-3
https://doi.org/10.1016/S0140-6736(03)13860-3
https://doi.org/10.1177/15910199231201520
https://doi.org/10.1155/2018/1879329
https://doi.org/10.1161/STROKEAHA.113.002390
https://doi.org/10.1503/cmaj.211347
https://doi.org/10.1503/cmaj.211347
https://doi.org/10.25259/SNI_561_2022
https://doi.org/10.1016/j.atherosclerosis.2015.09.001
https://doi.org/10.1016/j.atherosclerosis.2015.09.001
https://doi.org/10.1016/j.atherosclerosis.2015.09.034
https://doi.org/10.1016/j.atherosclerosis.2015.09.034
https://doi.org/10.2174/1570159X14666160428110329
https://doi.org/10.2174/1570159X14666160428110329
https://doi.org/10.18632/oncotarget.19020
https://doi.org/10.18632/oncotarget.19020
https://doi.org/10.1016/j.jchf.2017.02.017
https://doi.org/10.1016/j.jchf.2017.02.017
https://doi.org/10.1111/j.1360-0443.2006.01776.x
https://doi.org/10.1093/eurheartj/ehac614
https://doi.org/10.1002/clc.20367
https://doi.org/10.1002/clc.20367
https://doi.org/10.1124/jpet.301.1.152
https://doi.org/10.1161/STR.0000000000000086
https://doi.org/10.1212/01.wnl.0000249180.61312.d3
https://doi.org/10.1161/STROKEAHA.109.559823
https://doi.org/10.1093/ehjcr/ytac044
https://doi.org/10.4070/kcj.2015.45.2.158
https://doi.org/10.1007/s00062-011-0122-1
https://doi.org/10.2146/ajhp090477
https://doi.org/10.1093/jat/19.2.84
https://doi.org/10.1093/jat/bkv101
https://doi.org/10.1056/EVIDra2300160
https://www.deadiversion.usdoj.gov/drug_chem_info/meth.pdf
https://www.deadiversion.usdoj.gov/drug_chem_info/meth.pdf
https://doi.org/10.1136/heartjnl-2022-321610
https://doi.org/10.1001/jamapsychiatry.2019.3655
https://doi.org/10.1001/archgenpsychiatry.2011.124


Hemphill et al. 10.3389/fneur.2024.1397677

Frontiers in Neurology 12 frontiersin.org

 103. AshaRani PV, Hombali A, Seow E, Ong WJ, Tan JH, Subramaniam M. Non-
pharmacological interventions for methamphetamine use disorder: a systematic 
review. Drug Alcohol Depend. (2020) 212:108060. doi: 10.1016/j.
drugalcdep.2020.108060

 104. Brecht ML, Herbeck D. Time to relapse following treatment for 
methamphetamine use: a long-term perspective on patterns and predictors. Drug 
Alcohol Depend. (2014) 139:18–25. doi: 10.1016/j.drugalcdep.2014.02.702

 105. Acheson LS, Williams BH, Farrell M, McKetin R, Ezard N, Siefried KJ. 
Pharmacological treatment for methamphetamine withdrawal: a systematic review and 
meta-analysis of randomised controlled trials. Drug Alcohol Rev. (2023) 42:7–19. doi: 
10.1111/dar.13511

 106. Shoptaw SJ, Kao U, Heinzerling K, Ling W. Treatment for amphetamine 
withdrawal. Cochrane Database Syst Rev. (2009) 2009:CD003021. doi: 10.1002/14651858.
CD003021.pub2

https://doi.org/10.3389/fneur.2024.1397677
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.drugalcdep.2020.108060
https://doi.org/10.1016/j.drugalcdep.2020.108060
https://doi.org/10.1016/j.drugalcdep.2014.02.702
https://doi.org/10.1111/dar.13511
https://doi.org/10.1002/14651858.CD003021.pub2
https://doi.org/10.1002/14651858.CD003021.pub2

	A review of methamphetamine use and stroke in the young
	Introduction
	Epidemiology of meth use globally and in North America
	Methamphetamine-related hemorrhagic stroke
	Case vignette
	Epidemiology & characteristics of methamphetamine-related hemorrhagic stroke
	Pathophysiology of methamphetamine-related hemorrhagic stroke
	Therapeutic considerations & outcomes in meth-related hemorrhagic stroke

	Methamphetamine-related ischemic stroke
	Case vignette
	Epidemiology of methamphetamine-related ischemic stroke
	Pathophysiology of methamphetamine-related ischemic stroke
	Therapeutic considerations in methamphetamine ischemic stroke

	Diagnostic challenges and management
	Conclusion
	Author contributions

	References

