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ORIGINAL RESEARCH
ADULT BRAIN

Acute Toxic Leukoencephalopathy: Etiologies, Imaging
Findings, and Outcomes in 101 Patients

X C. Özütemiz, X S.K. Roshan, X N.J. Kroll, X J.C. Benson, X J.B. Rykken, X M.C. Oswood, X L. Zhang, and X A.M. McKinney

ABSTRACT

BACKGROUND AND PURPOSE: Prior studies regarding acute toxic leukoencephalopathy (ATL) are either small, or preliminary. Our aim
was to evaluate etiologies of and differences in imaging severity and outcomes among various etiologies of ATL.

MATERIALS AND METHODS: MRIs of patients with suspected ATL over 15 years were retrospectively reviewed; inclusion criteria were:
MRI �3 weeks of presentation with both DWI and FLAIR. These were jointly graded by two neuroradiologists via a previously described
score of severity. Clinical outcome was evaluated via both modified Rankin (mRS) and ATL outcome (ATLOS) scores, each being correlated
with the DWI and FLAIR scores. Etiologic subgroups of n � 6 patients were statistically compared.

RESULTS: Of 101 included patients, the 4 subgroups of n � 6 were the following: chemotherapy (n � 35), opiates (n � 19), acute hepatic
encephalopathy (n � 14), and immunosuppressants (n � 11). Other causes (n � 22 total) notably included carbon monoxide (n � 3)
metronidazole (n � 2), and uremia (n � 1). The mean DWI/FLAIR severity scores were 2.6/2.3, 3.3/3.3, 2.1/2.1 and 2.0/2.5 for chemothera-
peutics, opiates, AHE and immunosuppressants, respectively, with significant differences in both imaging severity and outcome (P �

.003–.032) among subgroups, particularly immunosuppressant versus chemotherapy-related ATL and immunosuppressants versus opiates
(P � .004 –.032) related ATL. DWI and FLAIR severity weakly correlated with outcome (� � 0.289 –.349, P � .005) but correlated stronger
in the chemotherapy (� � 0.460 –.586, P � .010) and opiate (� �.472–.608, P � .05) subgroups, which had the worst outcomes. ATL clinically
resolved in 36%, with severe outcomes in 23% (coma or death, 9/16 deaths from fludarabine). Notable laboratory results were elevated CSF
myelin basic protein levels in 8/9 patients and serum blood urea nitrogen levels in 24/91.

CONCLUSIONS: Clinical outcomes of ATL vary on the basis of etiology, being worse in chemotherapeutic- and opiate-related ATL.
Uremia may be a predisposing or exacerbating factor.

ABBREVIATIONS: AHE � acute hepatic/hyperammonemic encephalopathy; ATL � acute toxic leukoencephalopathy; ATLOS � acute toxic leukoencephalopathy
outcome score; CTL � chronic toxic leukoencephalopathy; MBP � myelin basic protein; NAWM� normal appearing white matter; PRES � posterior reversible
encephalopathy syndrome; PVWM � periventricular white matter

The term “toxic leukoencephalopathy” refers to nonspecific

neurologic symptoms (such as altered mental status) due to

injury of the cerebral white matter, occurring from a variety of

conditions.1-3 This can exist in either the acute form as acute toxic

leukoencephalopathy (ATL) or in the chronic form as chronic

toxic leukoencephalopathy (CTL). Notably, patients have more

subtle and slower development of neurologic symptoms and MR

imaging findings in CTL.3 On the other hand, ATL is a relatively

uncommon condition in acute encephalopathic (i.e. obtunded)

patients, particularly in those who are post-chemotherapy or im-

munosuppression for marrow transplantation, with a shared im-

aging appearance on DWI from multiple potential etiologies.4

The clinical features of ATL are quite variable but are abrupt in

onset, ranging from minor cognitive impairment to severe neu-

rologic dysfunction, depending on the extent of involved areas of

the brain.1-3 Notably, while this damage is best initially depicted

on DWI, with focal or symmetric reduced diffusion in the

periventricular white matter (PVWM) with or without accompa-

nying lesions on FLAIR, histopathology has noted both intramy-

elinic and oligodendroglial swelling.2-4 Recognizing this condi-
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tion is crucial because it is a clinicoradiologic diagnosis in which

the symptoms and imaging findings may reverse abruptly upon

removal of the underlying cause; alternatively, ATL can be fatal.2

Various toxic etiologies have been reported to cause ATL, in-

cluding chemotherapeutic and immunosuppressive agents, sub-

stance abuse (particularly opiates), antimicrobials, environmen-

tal toxins, hepatic failure, and others.2,4-10 Notably, ATL has an

overall worse prognosis than posterior reversible encephalopathy

syndrome (PRES), another potentially reversible disorder that

can also occur with chemotherapy or immunosuppression.4

However, it is unknown whether the outcomes from these various

causes of ATL are similar and whether they have differences in

initial imaging severity; it is plausible that severe imaging findings

could portend worse outcome in particular settings, which would

emphasize the importance of prompt recognition of ATL in par-

ticular clinical scenarios.

Given that prior studies were smaller and preliminary, the goal

of this larger study was to evaluate various causes of ATL, to de-

termine whether the imaging severity correlates with the clinical

outcome, to evaluate differences in imaging severity and outcome

among various etiologies/subgroups of ATL, and, secondarily, to

describe any new causes of ATL.

MATERIALS AND METHODS
Patients: Inclusion/Exclusion Criteria
This retrospective, observational study was approved by the insti-

tutional review boards of University of Minnesota Medical Center

and Hennepin County Medical Center (a quaternary care and a

level l trauma center). Patients with suspected ATL were identi-

fied by PACS archives over 16 years (June 2002 to June 2018), as

well as a radiological information system report search for the

terms “leukoencephalopathy” or “toxic” in patients having un-

dergone MR imaging, using 2 software programs: Vitrea Intelli-

gence (Vital Images, Minnetonka, Minnesota) and Primordial

communicator module of Powerscribe (Nuance Communica-

tions, Burlington, Massachusetts). These 2 methods yielded 172

patients suspected of having ATL on MR imaging before in-depth

electronic health record review; thereafter, their electronic health

records were reviewed by a quartet of a neuroradiology fellow, a

radiology resident, a research fellow, and a medical student (C.O.,

J.C.B., S.K.R., N.J.K.) to assess whether patients were also clini-

cally confirmed as having ATL or whether there was any positive

clinical finding correlating with imaging such as withdrawal of the

culprit agent and subsequent resolution of imaging/symptoms.

The MR images were then reviewed separately by 2 staff neurora-

diologists (A.M.M. and J.B.R. in University of Minnesota Medical

Center and A.M.M. and M.C.O. in Hennepin County Medical

Center, each with �10 years’ experience) to include those with

ATL on MR imaging. Because there are overlapping etiologies

that may cause both ATL and PRES, the neuroradiologists en-

sured that there was no cortical edema, which has been de-

scribed as the earliest manifestation of PRES; thus, patients

were included only if they had reduced diffusion involving the

white matter.11-13

Inclusion criteria for formal review (of imaging severity and

outcome) included, at a minimum, the following: MR imaging

within 3 weeks of presentation, including DWI with ADC maps,

and FLAIR images obtained in the acute setting when patients

were still symptomatic, either in the pretreatment or early treat-

ment era, as well as MR imaging with reduced diffusion in the

white matter suspicious for ATL.2 Patients were excluded if there

was a lack of DWI or ADC maps, lack of measured ADC reduc-

tion, CTL or MR imaging findings not suggestive of ATL (eg,

predominantly cortical edema), other PVWM disorders with re-

duced diffusion (eg, lymphoma, primary brain tumor, infarction,

trauma); or they were younger than 10 years of age or had infec-

tious disorders, hypoxic-ischemic insults, leukodystrophies, se-

verely compromised MR imaging data, clinical findings not indi-

cating ATL (eg, lack of acute neurologic symptoms, discordance

between clinical and radiologic findings), and potential con-

founding conditions (eg, cranial metastasis or the presence of

leptomeningeal enhancement) (Fig 1).

MR Imaging Acquisition
During a 15-year period, multiple 1.5T and 3T MR imaging units

were used, so the sequence parameters varied. However, the gen-

eral ranges were as follows for FLAIR, DWI, SWI, postcontrast

T1WI, and MRA—FLAIR: TR/TE/TI/NEX/echo-train length at

1.5T: 6000 –9000 ms/105–110 ms/2000 –2200 ms/1–2/15–23; at

3T: 8000 –11,000 ms/100 –120 ms/2000 –2200 ms/1–2/11–25; on

1.5T DWI: TR/TE, 3100 – 4000 ms/70 –120 ms; on 3T: TR/TE,

2700 –3000 ms/60 –100 ms; gradient strength b�1000 s/mm2;

SWI: TR/TE/NEX/flip angle at 1.5T: 49 ms/40 ms/1/15°; at 3T: 20

ms/27 ms/1/15°; postcontrast T1WI: TR/TE/NEX/echo-train

length at 1.5T: 420 –500 ms/12–15 ms/2–3/35; at 3T: 500 – 650

ms/11–15 ms/1–2/35; TOF-MRA: TR/TE/NEX at 1.5T, 35– 40

ms/7 ms/1; at 3T, 20 –25 ms/3– 4 ms/1. The slice thickness for

FLAIR, DWI, and postcontrast T1WI was 5 mm; for SWI, it was 2

mm; and for TOF-MRA, it was 0.9 mm (4 slabs).

MR Imaging Review, Grading of Radiologic Severity, and
ADC Measurements
ADC measurements were obtained from the lowest ADC value

region and averaging 3 ROIs from these abnormal regions. ROI

sizes were selected as either the smallest or the default size allowed

by the PACS, varying between 0.165 and 0.371 cm2 for standard-

ization of the measurements. If ATL was bilateral, the ROIs were

averaged between sides; if unilateral, the 3 ROIs were averaged

from that lesion. The percentage ADC reduction in visibly af-

fected regions was calculated and compared with normal-appear-

ing white matter, usually being the anterior frontal PVWM, by

averaging �3 ADC-value ROIs. All ADC measurements were ob-

tained by a neuroradiology fellow (C.O.) separately, before MR

imaging severity scoring.

The initial MR imaging severity of DWI and FLAIR was graded

independently by 2 staff neuroradiologists using a previously de-

scribed system, ranging from grades 0 to 4 (0 � normal, 4 �

severe; see the On-line Appendix for more information).2,14 In

a few cases in which scoring was different, these images were

evaluated jointly by the 2 neuroradiologists in a separate ses-

sion. SWI and postcontrast T1WI were also assessed, as well as

follow-up MR imaging, when available. CTA or MRA was also

evaluated, if available, for any additional positive findings.
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Clinical Outcome Scoring
To score the clinical outcome, 2 scoring methods were used:

the mRS (based on a clinical follow-up time at �90 days) and

a previously published ATL outcome score (ATLOS, based on

clinical follow-up of �30 days).2,15 During the electronic

health record review, the etiology of ATL was explained if

clearly identified. Regarding laboratory tests, results of a basic

metabolic panel and CSF tests obtained within a time window

of 1 week before and after the initial brain MR imaging were

evaluated if available and clinically important abnormal values

were recorded.

Statistical Evaluation
A biostatistician performed the calculations. For statistical com-

parison among subgroups, subcategories of ATL etiologies were

compared consisting of �6 patients; these subgroups were com-

pared using the Kruskal-Wallis (continuous variables), Fisher ex-

act (categoric variables), and pair-wise comparison (subgroup-

subgroup) tests, to evaluate significant differences in MR imaging

severity or outcomes among subgroups. For pair-wise compari-

sons, Kruskal-Wallis (with 2 groups) tests were used. The Wil-

coxon test was used to compare MR imaging measures of the

subjects with the most severe clinical outcomes, with those with

complete symptom resolution. To adjust for multiple pair-wise

comparisons, the P value threshold for significance was set to

P � .0083 using Bonferroni’s method. Spearman correlations

were then obtained separately between each of the following vari-

ables, including age, FLAIR MRI severity, DWI MRI severity,

mRS and ATLOS outcome scores, while the Wilcoxon test was

FIG 1. Organizational chart of inclusion of 101 patients with ATL in this study. MTX � Methotrexate; CO � carbon monoxide; CTL �
Chronic toxic leukoencephalopathy; ATL�PRES � Acute toxic leukoencephalopathy with concomitant posterior reversible encepha-
lopathy syndrome.

Table 1: Summary of variables with respect to groups of cause of ATL

Variable Statistic
All ATL
(n = 101)

CTX
(n = 35)

O/H
(n = 19)

AHE
(n = 14)

ID
(n = 11)

Unknown
(n = 7)

Other
(n = 6)

PMa

(n = 4)
CO

(n = 3)
Alcohol

(n = 2)
Sex Male 50 17 11 7 2 2 4 2 3 2

Female 51 18 8 7 9 5 2 2 0 0
Age

(years)
Mean

(SD)
40.72 (17.6) 41.3 (18.9) 34.6 (14.7) 44.6 (14.2) 52.1 (19.7) 33.6 (13.0) 36.4 (21.2) 49.0 (20–68)b 31.3 (20–44)b 31.0 (25–37)b

mRS
score

Mean
(SD)

1.97 (2.1) 2.71 (2.2) 2.33 (2.0) 2.07 (2.2) 0.40 (0.5) 1.50 (1.6) 1.80 (2.5) 0.25 (0–1)b 1.67 (0–5)b 0.50 (0–1)b

ATLOS
score

Mean
(SD)

1.60 (1.6) 2.29 (1.7) 1.67 (1.4) 1.57 (1.7) 0.60 (0.97) 1.17 (1.2) 1.40 (2.0) 0.25 (0–1)b 1.33 (0–4)b 0.50 (0–1)b

DWI
severity

Mean
(SD)

2.59 (1.1) 2.63 (1.0) 3.26 (1.1) 2.07 (0.9) 2.00 (0.77) 2.14 (1.2) 3.20 (1.3) 2.75 (2–4)b 2.67 (1–4)b 2.00 (1–3)b

FLAIR
severity

Mean
(SD)

2.52 (1.2) 2.34 (1.3) 3.32 (0.9) 2.15 (1.0) 2.55 (0.5) 2.00 (1.3) 3.40 (1.3) 1.67 (1–3)b 2.33 (0–4)b 1.50 (1–2)b

ADC %
loss

Mean
(SD)

35.6%
(17.9)

34.0%
(20.1)

41.3%
(16.2)

30.5%
(14.2)

28.2%
(13.7)

32.4%
(20.0)

34.3%
(13.7)

44.4%
(20.8–62.1)b

63.8%
(58.9–71.6)b

38.9%
(29.5–48)b

Note:—CTX indicates Chemotherapeutics; O/H, Opiates/Heroin; AHE, Acute Hepatic Encephalopathy; ID, Immunosuppressive drugs; PM, Prescribed medications; CO, Carbon
Monoxide.
a Including metronidazole (n � 2), lorazepam (n � 1), and cefepime (n � 1).
b Minimum-Maximum.
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used to evaluate for differences between

gender (P � .05 used for both the Spear-

man and Wilcoxon tests). All analyses

were obtained using SAS (Version 9.4;

SAS Institute, Cary, North Carolina).

RESULTS
Patient Demographics and
Subcategories of ATL
Ultimately, 101 patients with ATL were

included, with 71 excluded, most com-

monly due to CTL (n � 19), as shown in

Fig 1. The subcategories of causes with

n � 6 were chemotherapy (n � 35), opi-

ates (n � 19), acute hepatic encephalop-

athy (AHE, n � 14), and immunosup-

pressive drugs (n � 11), as shown in

Table 1. There were no significant differ-

ences in sex or age among each of the 4

subgroups of �6 (each, P � .05). Sam-

ples of patients’ MR images are depicted

in Figs 2–5.

MR Imaging Severity Scoring and
Subgroup Comparisons
Table 1 depicts the mean severities on

DWI and FLAIR of all patients. There

were significant differences overall be-

tween the mean DWI (P � .003) and

FLAIR (P � .009) MR imaging severity

scores among the 4 major subgroups.

Notably, opiate abuse had the highest

mean severity on both sequences, while

patients who were immunosuppressed

and those with AHE had the least mean

severity on DWI and FLAIR, respec-

tively. Pair-wise intergroup compari-

sons of the MR imaging severities and

outcomes of the 4 subgroups are pro-

vided in Table 2. Notably, 6/101 patients

with ATL had only reversible splenial le-

sions (grade 1 severity) with complete

symptom resolution; of these, the causes

in 4 different patients were the follow-

ing: chemotherapy, immunosuppres-

sive medication, sepsis, and alcohol tox-

icity, while in the remaining 2 patients,

the etiology was unknown.

Clinical Outcome Severities and
Subgroup Comparisons
Table 1 provides the mean clinical out-

come score on mRS at �90 days and on

ATLOS at �30 days for each subgroup; in

7 patients, outcomes could not be dis-

cerned. Overall, significant differences

were found among the 4 major sub-

FIG 2. Example of grade 1 DWI-FLAIR ATL severity. A 16-year-old girl with acute leukemia after 5
days of high-dose cytarabine and clofarabine combined chemotherapy, presented with acute
right upper extremity weakness. An initial head CT (not shown) was unremarkable. On DWI (A) and
ADC (B), unilateral diffusion reduction was present in the left PVWM with 60% ADC loss com-
pared with NAWM and corresponding faint FLAIR hyperintensity (C). Accompanying MRA study
(not shown) was normal. D, On follow-up MR imaging at 2 weeks after withdrawal of the chemo-
therapy, there was normalization of diffusion reduction with faint residual hyperintensity on DWI
(not shown), ADC map (D, black arrow), and FLAIR (not shown), with a resultant T2-shinethrough
effect on DWI. The symptoms had resolved at long-term clinical follow-up with both the ATLOS
and mRS clinical scores being 0.

FIG 3. Example of a grade 2 DWI-FLAIR ATL severity from uremia. A previously healthy 16-year-
old boy with coma had renal failure of unknown cause, blood urea nitrogen level of �115 mg/dL
(normal �25 mg/dL), creatinine level of 18.34 mg/dL (normal, �1.2 mg/dL), glomerular filtration
rate of 5 (normal, �90), and systolic blood pressure of �160 mm Hg. MR imaging revealed PVWM
abnormalities sparing the basal ganglia on DWI (A and B), with a normal appearance on FLAIR (C)
and normal MRA (not shown). Laboratory work-up only revealed uremia. Clinically, the symptoms
resolved with dialysis, and MR imaging 2 days later (not shown) noted continued diffusion reduc-
tion, while the ADC values rose with complete resolution of symptoms (the ATLOS and mRS
scores were 0).
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groups for both the mRS (P � .025) and ATLOS (P � .032)

scores. When we compared these subgroup outcomes against

each other (Table 2), there were significant differences between

the chemotherapy-versus-immunosuppressed subgroups for

both scores, and between opiate-versus-immunosuppressed

groups based on the mRS only; the other intergroup comparisons

did not have significant differences (each, P � .0083).

Severe outcomes (grade 4 on ATLOS or grade 5– 6 on mRS)

were noted in 22/94 (23.4%) patients with available data in this

study, 16 of whom died and 6 being comatose at 90 days postpre-

sentation; 13 of these 22 patients had severe outcomes from che-

motherapy. In the 16 patients who died, the etiologies were the

following: fludarabine (n � 9), AHE (n � 3), and 1 each of meth-

otrexate, opiates, hyperglycemia, and rituximab. In the 16 pa-

tients who died, the cause of death was often other comorbidities

such as sepsis, organ failure, cardiac arrest, or diffuse malignancy,

though their neurologic symptoms related to ATL never subsided.

At the other end of the clinical outcome spectrum, there was

symptom resolution (ATLOS or mRS grade 0) in 34/94 (36.1%)

patients with ATL, with 26/94 (27.6%) having only minimal se-

quelae (ATLOS grade 1 or mRS grades 1–2). When we compared

the subjects with the most severe clinical outcomes (n � 22) with

those with complete symptom resolution (n � 34) regardless of

different etiologies, DWI and FLAIR imaging scores were higher

in the severe-outcomes group compared with the symptom-

resolution group. DWIMean was 3.1 versus 2.2 (P � .002), and

FLAIRmean was 3 versus 2 (P � .005), respectively.

Correlation of MR Imaging Severity of Subgroups with
Outcomes
There was a strong correlation between DWI and FLAIR severity

(�� 0.731, P � .0001) and between the mRS and ATLOS scores (��

0.978, P � .0001). There were mild-moderate correlations between

both the DWI and FLAIR severity with both the mRS and ATLOS

(� � 0.289–.349, P � .005) as shown in Table 3. Regarding the 4

subcategories of �6, both DWI and FLAIR severity mildly to mod-

erately correlated with the outcome scores for opiates (� � 0.472–

0.608, P� .05) and chemotherapy (��0.460–0.586, P� .05). There

was no significant correlation of age or sex with either DWI or FLAIR

severity or with either clinical outcome score (each, P � .005).

ADC Measurements and Other MR Imaging/MRA
Findings
A boxplot (Fig 6) shows that the greatest percentage ADC reduction

was noted in the affected PVWM of carbon monoxide toxicity

FIG 4. A 40-year-old woman with altered mentation 1 month post-
liver transplantation, who was immunosuppressed with tacrolimus.
MR imaging demonstrated extensive diffusion reduction bilaterally in
the PVWM and subcortical white matter on DWI and ADC (A and B),
with 58% ADC loss (versus NAWM) and slight hyperintensity on FLAIR
(C) involving 3 lobes, consistent with grade 3 ATL imaging severity on
DWI and FLAIR. Note that there was no apparent cortical edema on
FLAIR to suggest PRES. After the withdrawal of tacrolimus and sup-
portive therapy, the long-term ATLOS and mRS scores were both 0.
D, An MR imaging 12 years later (obtained for chronic headaches)
showed mild-moderate right PVWM loss and ex-vacuo dilation of the
occipital horn of the right lateral ventricle as sequelae of ATL, without
cortical encephalomalacia.

FIG 5. Example of opiate-related grade 4 DWI-FLAIR ATL severity. A
26-year-old comatose man with urine toxicology positive for
propoxyphene (an opioid analgesic) had diffuse and confluent DWI-
ADC (A–C) and FLAIR (D) abnormalities with 67% ADC loss versus
NAWM. The patient had moderate long-term neurologic sequelae,
with the ATLOS at 1 month being 2 and the mRS at 3 months being 3.
Follow-up MR imaging was not performed.
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(mean, 64.0%), while the least was the immunosuppressive medica-

tion subgroup (mean, 28.2%). Regarding other MR imaging

findings, contrast-enhanced T1WI was available in 72 patients,

without any �1-cm-size enhancing foci, though punctate foci

were found in 7/72 (9.0%) amid the PVWM lesions on DWI.

SWI was available in 52 patients (T2*WI, in 8 others), with

punctate microhemorrhages in 9/60 patients (15%); 5 of these

9 had an mRS � 1. MRA was available in 23/101 patients, and

the findings of only 1 were positive (an incidental aneurysm).

Additional Laboratory Findings
Of 101 patients with ATL, 45 had a lumbar puncture; 24/45 had

positive CSF findings. Most notably, in the 9 patients with an

available myelin basic protein (MBP) level, 8 had increased MBP

(4 from fludarabines, 3 from opiates, 1 unknown), 9 had in-

creased total protein, 9 had increased glucose, and 2 had findings

positive for oligoclonal bands. A metabolic panel was available in

91 patients; 54/91 had a positive finding–most notably, the blood

urea nitrogen level was increased in 24 of these 91 patients.

DISCUSSION
ATL is an uncommon condition that should be considered in the

differential diagnosis of patients with acute encephalopathy. It is a

clinicoradiologic diagnosis characterized by cerebral WM injury

on DWI from a toxic substance and should be distinguished from

FIG 6. Boxplot of each etiologic subgroup with the percentage ADC reduction of affected regions compared with NAWM. ATL from carbon
monoxide (CO, a small subgroup of 3) had a much greater percentage ADC reduction versus the other subgroups.

Table 2: Pair-wise intergroup comparison of clinical outcomes among the 4 largest subgroups causing ATLa

P Values for Pair-wise Comparison

Chemotherapy vs
Immunosuppressant

Chemotherapy
vs AHE

Chemotherapy
vs Opiates

Immunosuppressant
vs AHE

Immunosuppressant
vs Opiates

Opiates
vs AHE

mRS .004b .32 .62 .07 .007b .61
ATLOS .006b .16 .23 .19 .031 .66
DWI severity .08 .08 .03 .93 .003b .003b

FLAIR severity .90 .50 .006b .25 .015 .003b

a Multiple comparisons were adjusted with a Bonferroni correction (P � .0083).
b Significant.

Table 3: Correlation between MRI severity and clinical outcome severity
All Patients Chemotherapeutics Opiates AHE Immunosuppressants

mRS ATLOS mRS ATLOS mRS ATLOS mRS ATLOS mRS ATLOS
DWI severity

� .349 .289 .478 .460 .608 .573 �.123 �.240 .000 �.103
P .001a .005a .006a .009a .007a .012a .674 .408 1.00 .777

FLAIR severity
� .336 .332 .543 .586 .472 .412 .123 .135 .000 .079
P .001a .001a .001a .001a .047a .088 .689 .659 1.00 .826

a Significant.
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other clinical disorders such as PRES, hypoxic-ischemic enceph-

alopathy, meningitis, encephalitis, tumor recurrence, metasta-

sis, stroke, acute disseminated encephalomyelitis, and other met-

abolic syndromes. Recognizing this uncommon disorder is vital

because it can be potentially reversible with prompt removal of

the underlying cause and supportive therapy, while the clinical

outcome varies among etiologies. Given the shared imaging ap-

pearance on DWI of the various causes of ATL, it is important to

both diagnose this condition and assist the ordering physician in

determining an underlying etiology, given the differences in out-

comes among causes. However, to our knowledge, no larger study

has as yet evaluated differences in outcomes among different eti-

ologies of ATL.

Many etiologies have been reported for ATL, including a vari-

ety of chemotherapeutic and immunosuppressive medications,

opiate ingestion (whether prescribed or illicit), some antimicro-

bial medications, various metabolic disorders (such as hyperam-

monemia from AHE or hyperglycemia), carbon monoxide poi-

soning, and, recently, even a commercially available dietary

supplement.2-10,16-18 In this study, chemotherapy was the most

common cause, followed by opioids, AHE, and immunosuppres-

sants, while the cause was unknown in 7%. According to these

results, each cause may affect each age group and sex equally, but

the imaging severity and clinical outcomes differ among the types

of etiologies.

The exact pathophysiology of ATL is also unknown, but the

evidence shows that white matter damage may occur directly

from toxic injury on the myelin sheath or indirectly from capillary

endothelial injury or a combination of both.2-4,13 For example,

carbon monoxide and inhaled opiates may cause either toxic de-

myelination or spongiform degeneration of the PVWM.5,19 While

chemotherapeutics such as fludarabine and methotrexate can

cause direct toxic damage of the axons and myelin sheath, chemo-

therapeutic agents, such as methotrexate and 5-flourouracil, and

immunosuppressive agents, such as tacrolimus and cyclosporine,

were shown to disrupt the cerebral microvasculature.4,20-24 Re-

gardless of the culprit agent, diffusion reduction in the PVWM

may appear due to pathologic changes in the myelin from in-

tramyelinic edema or toxic demyelination.2,3,5,8

The conditions of about one-third of the patients with ATL in

this study were from chemotherapy, with fludarabine (16%) be-

ing most common and methotrexate in 12%. Fludarabine was

also the most common cause of death from ATL (9/16 patients

with ATL who died), in accord with prior literature that showed

that fludarabine can cause severe, late-onset ATL (weeks after

chemotherapy) and that ATL from fludarabine has worse out-

comes relative to PRES from fludarabine.4,25 Thus, fludarabine

likely accounts for the chemotherapy-related subgroup having

the worst outcome.

Opioids were the second most common cause of ATL in this

study (18.8%), having the second worst outcomes of the 4 ATL

subgroups that consisted of �6 patients, while this group tends to

have the most severe extent on DWI. Opioids are lipophilic sub-

stances that can cross through the BBB and accumulate in fat-rich

myelin when in high doses, thus causing cerebral or cerebellar

symmetric spongiform degeneration.19,26 Particularly in the case

of “chasing the dragon,” the inhaled substance bypasses other

organs, thus allowing faster, direct passage to the brain relative to

the intravenous route. In addition, potentially superimposed

hypoxia may induce BBB disruption, thus aggravating the toxic

effects.27 Notably, opiate toxicity/overdose may present with sev-

eral imaging patterns (such as basal ganglia injury), perhaps due

to anoxic injury; hence, because this study focused solely on the

PVWM pattern of injury of ATL, these results may not be extrap-

olated onto other imaging patterns.

AHE (13.8%) was the third most common cause of ATL.

Notably, AHE most commonly involves the insula or thalami,

with variable PVWM involvement.9 Thus, this study included

only AHE with solely PVWM lesions, which occurs in 15% of the

cases of AHE.9 The outcomes of AHE-related ATL in this study

tended to be slightly better than those of chemotherapy- and opi-

ate-related ATL.

The fourth largest subgroup was immunosuppressant medi-

cations (10.9%). With the increasing implementation of marrow

transplantation, ATL from immunosuppressants may be increas-

ing in frequency in a fashion similar to that of another potentially

reversible disorder, PRES.11,12,14,28 Thus, immunosuppressant-

related ATL had the best outcomes relative to the other subgroups

of known causes in this study. However, both this study and prior

ones have shown that ATL from immunosuppressive medications

such as cyclosporine is still relatively uncommon.4,12

Another subgroup of ATL was carbon monoxide toxicity (n �

3), which has at least 3 previously described patterns of involve-

ment on DWI: PVWM, basal ganglia, or hippocampal (least com-

mon).5,29 Concomitant anoxic injury causing such lesions may

also occur, but the PVWM variant was present in only a few pa-

tients in this study (n � 6), thus preventing a correlation of the

clinical outcomes to the imaging severity.

Regarding the intergroup comparisons of imaging severity,

the DWI severity was worse in the opiate subgroup versus the

AHE and immunosuppressant subgroups, where ATL from opi-

ates and chemotherapy tended to have more diffuse WM involve-

ment. Meanwhile, ATL from AHE and immunosuppressants was

milder and more focal. In most patients with ATL, the FLAIR

lesions were less evident than on DWI or developed later, as

shown previously.2

Regarding other imaging findings, contrast enhancement is

not a common feature in ATL, being punctate and observed in

only 9% of patients in this study, with differing outcomes; thus,

the presence of enhancement likely neither changes the diagnosis

nor affects outcome. Similarly, the presence of microhemor-

rhages (in 15%) does not correlate with outcome and likely does

not have clinical significance but may be related to underlying

vasculopathy.30 MRA findings were largely negative, and only 1

patient had an incidental aneurysm.

Regarding the clinical outcomes from ATL and comparisons

between subgroups, chemotherapy- and opiate-related ATL had

significantly worse outcomes, despite the potentially reversible

nature of ATL. Again, fludarabine likely accounts for the chemo-

therapy subgroup having the worst outcomes overall. In compar-

ison, immunosuppressant-related ATL was less common in our

population, with milder imaging severity and better outcomes,

which is of note because one might expect that the comorbidities

in immunosuppressed patients would precipitate worse out-
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comes. Although chemotherapy- and opiate-related ATL has

worse clinical outcome scores compared with immunosuppres-

sant-related ATL in pair-wise comparison (Table 2), only the opi-

ate subgroup showed significant differences regarding imaging

severity compared with the immunosuppressant group, which

also supports the opiate-related ATL having the most severe and

extensive DWI findings.

Regarding the AHE and immunosuppressant subgroups, the

severity of imaging findings and clinical outcome did not signifi-

cantly correlate in either of these 2 subgroups; this finding likely

confirms the potentially reversible nature of ATL within these 2

subgroups. On the other hand, the opiate and chemotherapy sub-

groups of ATL had overall more severe MR imaging scores/extent,

with moderate correlations between the imaging severity and out-

come, suggesting that more diffuse brain involvement is likely to

result in neurologic sequelae. Regardless of different etiologies,

when the extent of abnormal DWI and FLAIR findings reached

grade 3 or 4 (On-line Appendix), there was a higher possibility of

severe outcomes.

The review of the laboratory values yielded interesting find-

ings of MBP and blood urea nitrogen levels that may further elu-

cidate the underlying pathophysiology of ATL. MBP is an impor-

tant component of CNS myelin formation, and though its

presence in CSF is nonspecific, increased levels of CSF-MBP sug-

gest active demyelination in some syndromes, such as multiple

sclerosis.31,32 In this regard, a prior study focused on transplant

neurotoxicity may have been the first of fludarabine-related ATL

(having 4 patients from this study’s cohort), and described high

CSF-MBP levels.4 In addition, the current study may be the first

description of elevated CSF-MBP in opiate-related ATL (3 pa-

tients) in humans, suggesting myelin damage; notably, CNS MBP

is reduced with chronic demyelination in mice chronically ex-

posed to opiates.33 Hence, CSF-MBP could be a potential marker

to support the diagnosis of and evaluate the extent of myelin dam-

age in ATL.

Another value, serum blood urea nitrogen, was increased in

26% of the patients with available values, secondary to either im-

paired kidney function or tumor lysis in patients in oncology.

Most interesting, uremia has been described in association with

PRES, whereas uremic encephalopathy may present on MR im-

aging with symmetric T2 hyperintensity of the basal ganglia.34 To

our knowledge, the patient with uremia-related ATL described

herein with PVWM involvement but sparing the basal ganglia

may be the second such patient with uremia described with that

imaging appearance (Fig 3).35 Furthermore, a recent study fo-

cused on concomitant ATL and PRES in a small cohort (a subset

of patients excluded from this study) in which most had kidney

failure and perhaps uremia.13 It is not known how uremia causes

toxic leukoencephalopathy; however, diffusion tensor imaging

studies found premature PVWM disease, especially in the ante-

rior PVWM in patients with chronic kidney disease, and various

uremic toxins may cause both endothelial dysfunction and cog-

nitive impairment, especially via neuroexcitatory uremic-guani-

dine compounds.36,37 Given the number of patients with uremia

in this study, it is plausible that uremia may exacerbate ATL or

even predispose to ATL in the absence of other toxins.

There are several limitations to this study, the predominant

one being that it was retrospective; for example, the clinical out-

comes were based on retrospective evaluation of the patients’

records. In addition, many patients, particularly within the che-

motherapeutic and immunosuppressant groups, had multiple

confounding factors that could affect the clinical outcome. Also,

in the case of exposure to multiple potential toxic agents or med-

ications, the MR imaging findings could vary due to superim-

posed nontoxic etiologies such as anoxia, sepsis, or renal failure.

However, the authors note that this study focused on the out-

comes from a common, shared imaging appearance of ATL in-

volving the PVWM and included patients on that basis, not on the

basis of etiology. Finally, multiple MRIs from different machines

with 1.5T and 3T strengths were performed, whereas the differ-

ences in appearances and ADC values between 1.5T and 3T were

not assessed in this study.

CONCLUSIONS
ATL is an imaging appearance that can arise from various etiolo-

gies, with potentially reversible reduced diffusion predominantly

affecting the PVWM. Given the shared DWI appearance among

this heterogeneous array of etiologies, their outcomes may differ.

Thus, the neurologic symptoms completely resolved in 36%,

while severe outcomes occurred in 23%. The clinical outcome was

most severe with chemotherapy-related ATL (mostly due to flu-

darabine), whereas opiate toxicity had the second worst outcome

and tends to have more severe extent on DWI. In contrast, immu-

nosuppressive-related ATL tends to be more focal and clinically

milder. These observations point to a need to study other clinical

factors or comorbidities that influence the outcomes of ATL, such

as the presence of uremia.
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