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CLINICAL REPORT
ADULT BRAIN

Acute and Evolving MRI of High-Altitude Cerebral Edema:
Microbleeds, Edema, and Pathophysiology

P.H. Hackett, ““P.R. Yarnell, ““D.A. Weiland, and “K.B. Reynard

ABSTRACT

SUMMARY: MR imaging of high-altitude cerebral edema shows reversible WM edema, especially in the corpus callosum and subcortical
WM. Recent studies have revealed hemosiderin deposition in WM long after high-altitude cerebral edema has resolved, providing a
high-altitude cerebral edema “footprint.” We wished to determine whether these microbleeds are present acutely and also describe the
evolution of all MR imaging findings. In 8 patients with severe high-altitude cerebral edema, we obtained 26 studies: 18 with 3T and 8 with
1.5T scanners, during the acute stage, recovery, and follow-up in 7 patients and acutely in 1 patient. Imaging confirmed reversible cytotoxic
and vasogenic WM edema that unexpectedly worsened the first week during clinical improvement before resolving. The 3T SWI, but not
1.5T imaging, showed extensive microbleeds extending beyond areas of edema seen acutely, which persisted and with time coalesced.
These findings support cytotoxic and vasogenic edema leading to capillary failure/leakage in the pathophysiology of high-altitude cerebral

edema and provide imaging correlation to the clinical course.

ABBREVIATIONS: HACE = high-altitude cerebral edema; HAPE = high-altitude pulmonary edema; MB = microbleed

he original MR imaging studies of acute high-altitude cerebral

edema (HACE) with 1.5T magnets found FLAIR and T2 abnor-
malities in the corpus callosum, particularly the splenium."”* These
findings were transient, attributed to vasogenic edema, and were sub-
sequently confirmed, though descriptions of the time course and
resolution of edema were incomplete.”® More recent reports using
3T SWI found microbleeds (MBs) in the corpus callosum in patients
with a history of HACE 1-35 months previously, but none were stud-
ied acutely.”® When microbleeds appear in HACE, whether they
change with time, how they correlate with edema, and whether their
distribution in this illness is specific for HACE are all unknown.

In this study, we describe the evolution of both edema and
microbleeds in 8 patients with severe HACE. These MR imaging
data contribute to our understanding of HACE pathophysiology
and provide clinical imaging correlations that may aid in diagno-
sis and management.
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MATERIALS AND METHODS

We performed a retrospective study of all patients admitted to our
hospital with HACE from 2011 through 2017. We examined
MRIs obtained during acute illness and after discharge in all but 1
patient. In addition, we obtained a 10-year follow-up in 1 patient
with HACE from 2006. Repeat MRIs were performed at the dis-
cretion of clinicians and hence at irregular intervals. Of the 26 MR
imaging studies, magnet strength depended on availability: Eigh-
teen were 3T and 8 were 1.5T.

RESULTS

Patients

All patients were evacuated from Colorado mountain communi-
ties between 2500 and 3000 m (82009840 feet) to the Denver
area. Table 1 shows the demographics and clinical course. Seven
of 8 had traveled to high altitude within 1 day from a sea level
residence; 1 resided at high altitude (patient 5) and returned
home after 1 week at low altitude. All patients had typical clinical
and imaging findings of high-altitude pulmonary edema (HAPE,
Fig 1), and all met the criteria for HACE diagnosis: altered mental
status and/or ataxia in a person recently arriving at a high altitude
and with acute mountain sickness or HAPE. Other diagnoses were
excluded by clinical, laboratory, and imaging evaluations. All pa-
tients were treated for HAPE at mountain clinics with supplemen-
tal oxygen. Four were intubated, and 6 patients received dexa-
methasone. Pulmonary edema cleared in all patients during 1-3
days. Bedside callosal (disconnection syndrome) testing findings
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Table 1: Patient demographics and clinical course

Age Altitude Days Days in
Pt ID (yr), Sex of Onset to Care® SpO, HACE Symptoms, Findings Hospital
1 35,M 2800 m 4 24% Headache, anorexia, dyspraxia, coma 3
2 41,M 2970 m 5 41% Headache, fatigue, confusion, ataxia 3
3 32,M 2740 m 4 50% Headache, confusion, ataxia 12
4 23, F 2930 m 4 48% Confusion, agitation 9
5 48, F 2530 m 4 74% Crawling, incontinent, confused 5
6 47, M 2970 m 6 60% Confusion, dysarthria, ataxia 12
7 29, M 2930 m 4 55% Progressive confusion 12
8 34, M 2750 m 6 39% Somnolence, confusion, ataxia 4

Note:—Pt ID indicates patient identification; SpO,, peripheral oxygen saturation.

2 Days from onset of symptoms to presentation to clinic and immediate transfer to hospital.

FIG 1. Supine portable chest radiograph of patient 3 on admission to
the hospital showing marked pulmonary edema.

were normal in the 3 patients who were tested. At hospital
discharge, patients were recovering well and returned to their
demanding professions.

MR Imaging Studies
The On-line Table summarizes the timing of MR imaging studies
and findings.

FLAIR and T2

All 8 patients on their first scan showed increased FLAIR and T2
signal: 5 patients in the corpus callosum and subcortical WM (Fig
2, On-line Figures 1-8), 2 in subcortical WM only (patients 6 and
8, On-line Figures 9-11), and 1 (patient 5) in the periventricular
WM (On-line Figure 12). In the 5 patients with repeat MR imag-
ing within 10 days of the first, WM edema increased before com-
pletely resolving (Fig 3, On-line Figures 1-2, 4-7, 10), except for
patient 5.

Dwi

All 8 patients showed restricted diffusion indicating cytotoxic
edema, 7 in the splenium and subcortical WM, mostly corre-
sponding to FLAIR abnormalities (On-line Table and Fig 2, On-
line Figures 1-4,6—8, 11, 13). Patient 6 had small foci of restricted

diffusion only in left cerebellar WM and medial right frontopari-
etal cortex (On-line Figures 9, 10). In 6 patients, restricted diffu-
sion was present on the initial scan, but in 2 patients, it developed
or became worse between the initial and second scans. Restricted
diffusion resolved in all with follow-up imaging, more quickly
than FLAIR and T2 abnormalities. Patient 2 had small lacunar
infarcts in the globus pallidi that persisted at follow-up (On-line
Figure 3), while patient 4 had a tiny lacunar infarct in left frontal
subcortical WM (On-line Figure 7).

Hemosiderin/Microbleeds

All 6 patients imaged with 3T SWI demonstrated extensive mi-
crobleeds on the first MR imaging, with a “black pepper-like”
appearance, which persisted in those with follow-up imaging
(Figs 4 and 5, On-line Figures 14—18). Microbleeds were present
throughout the WM, including the deep tracts and middle cere-
bellar peduncles, but were more numerous in the corpus callosum
and subcortical WM, where edema predominated. The number
and extent of microbleeds (by visual inspection) did not in-
crease during the first week, in contrast to WM edema. No
microbleeds were detected in 2 patients initially scanned at
1.5T using gradient-echo T2* imaging (Fig 6), but they were
identified in both patients on follow-up with 3T SWI (Fig 5,
On-line Figure 14). The morphology of microbleeds changed
with time, coalescing on follow-up images between 2.5 months
and 10 years (Fig 6, On-line Figures 16, 18). Two patients had
normal DTI tractography findings (On-line Figure 19).

DISCUSSION

This series of cases demonstrated important new findings regard-
ing MR imaging of HACE. First, we found that extensive WM
microbleeds were already present on the initial MR imaging of
acutely ill patients. Second, we noted that WM vasogenic edema
and, to a lesser extent, restricted diffusion both increased in the
first week, even though patients were clinically improving. Both
were reversible, consistent with complete recovery. In contrast,
microbleeds did not worsen in the first week of hospitalization but
did remain detectable for years, though they were missed with T2*
gradient-echo sequences obtained at 1.5T. Across time, the mi-
crobleeds coalesced. These findings indicate that both cytotoxic
and vasogenic edema are present in severe HACE and that capil-
lary leakage is sufficient to produce microbleeds. Furthermore,
this work provides a description of the evolution of MR images in
HACE that may aid in diagnosis and management.
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FIG 2. Patient7,day 5,1.5T. Axial FLAIR, diffusion, and ADC map images demonstrate hyperintensity and restricted diffusion in the entire corpus

callosum and patchy areas of bilateral subcortical WM.

Microbleeds

All 6 patients on the first MR imaging with SWI showed microbleeds;
we thus do not know at what stage of illness these developed.
Microbleeds did not appear to correlate with the degree of edema
or restricted diffusion on the initial scan or with clinical severity,
though all patients were severely ill. Whether these MBs in non-
fatal HACE relate to microhemorrhages reported in postmortem
examinations’ is unknown, though similar-sized microhemor-
rhages in other conditions were clearly seen on gross pathology.®
As expected, MBs were more easily detected with higher magnetic
strength and SWL.”

The distribution and extent of microbleeds we describe may be
distinct for severe HACE. Microbleeds reported in other condi-
tions are usually far fewer in number, in different distributions,
and lack the fine black pepper appearance.” Previous studies using
SWI in subjects after high altitude exposure support this view.
Eleven of 13 climbers with a history of HACE demonstrated re-
sidual MBs, with only severe cases or those with HAPE showing
the extensive distribution similar to that in our patients.>°
Schommer et al® demonstrated that HAPE, acute mountain sick-
ness, and extreme high altitude exposure by themselves do not
cause MBs; Eight climbers with a history of HAPE but without
HACE had no MBs, only a few microbleeds were presentin 1 of 11
climbers with a history of severe acute mountain sickness, and
none were found in the 8 climbers who went to 7000 m without
oxygen without altitude illness.® Kottke et al'® compared microb-
leeds before and after a Himalayan expedition and found new
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ones in 3 of 15 climbers who went to >7000 m and did not have
HACE or HAPE. These microbleeds were in the splenium but
only 1in 1 climber, and a few in the other 2, in marked contrast to
our patients with HACE. Taken together, these studies suggest
that WM microbleeds due to high altitude exposure occur infre-
quently, only becoming extensive as HACE develops, especially
with concomitant HAPE.

Vasogenic and Cytotoxic Edema
We confirmed our previous findings of WM vasogenic edema on
FLAIR and T2 MR imaging in severe HACE." Most interesting, all
5 patients with repeat MR imaging within 10 days of the first one
showed greater edema, though they were clinically improving.
The imaging findings thus not only lag behind clinical improve-
ment but could be misleading. A possible explanation is delayed
vasogenic edema mediated by hemoglobin degradation products,
a process known to take several days for maximal accumulation of
edema-triggering moieties.'"' The decrease in cerebral blood vol-
ume and CBF with restoration of normoxia may well have allowed
an increase in edema without increasing intracranial pressure.
Seven patients showed reversible restricted diffusion in the
corpus callosum with a predilection for the splenium. Such cyto-
toxic lesions have been reported with various CNS insults, includ-
ing trauma, infection, drug toxicity, and metabolic abnormalities;
they are often confused with ischemia.'” The common pathway
for deranged ion transport in these entities may be cytokines,
which increase extracellular glutamate, resulting in intracellular



Diffusion

FIG 3. Patient 7, 1.5T on days 5 and 10, 3T at 10 years. Axial FLAIR, diffusion, and ADC images. FLAIR
hyperintensity in the corpus callosum slightly increases at day 10 and then resolves at 10 years. Re-
stricted diffusion in the corpus callosum decreases at day 10 and resolves at 10 years. Low signal in the
genu and splenium of corpus callosum on the FLAIR images at 10 years is due to hemosiderin.

FIG4. Patient 2. SWI. Diffuse microbleeds with a predilection for WM tracts, including the corpus

callosum and middle cerebellar peduncles and subcortical WM.

swelling and restricted water diffusivity. The corpus callosum,
particularly the splenium, may be more susceptible because of
more glutamate and cytokine receptors.'> Most interesting, re-
stricted diffusion was delayed in 2 patients, consistent with a
mechanism requiring time for accumulation of agents such as
inflammatory mediators.

While cytotoxic edema is due to mal-
adaptive ion transport, WM vasogenic
edema is driven primarily by hydrostatic
forces."! Both seem to be in play in
HACE. Mild vasogenic edema (plasma
ultrafiltrate) occurs in most individuals
ascending to a moderate altitude (>3-
4000 m), regardless of the presence of
acute mountain sickness, and is related
to increased cerebral perfusion.'> How-
ever, as HACE develops, vasogenic
edema undergoes “hemorrhagic conver-

»11

sion,”'" with extravasation of red cells
and increased edema leading to in-
creased ICP. Exactly what triggers this
conversion and what precipitates the re-
stricted diffusion are unclear. Investiga-
tors have proposed both mechanical fac-
tors, such as impaired autoregulation
and excessive capillary hypertension,
and permeability factors, such as vascu-
lar endothelial growth factor, reactive
oxygen species, and other hypoxia-in-
duced factors.'>'* The end result is loss
of WM microvascular integrity.

There are analogous findings in
HAPE, a frequent precipitant of HACE,
which was present in our patients. In
fact, HAPE with its severe gas-exchange
derangements may be necessary at the
modest altitudes in Colorado to trigger
HACE, which is more commonly re-
ported above 4000 m. HAPE is a hydro-
static edema due to capillary hyperten-
sion, capillary failure, and leakage of red
cells, triggered by uneven hypoxic
pulmonary vasoconstriction.'” Retinal
hemorrhages are common in HACE,
present in up to 60% of patients, but
are also present in asymptomatic indi-
viduals at high altitude."®
pathologic study from an individual
who died of HACE,'” found retinal
capillary leakage. We consider that

The single

vascular leak triggered by overperfu-
sion, capillary hypertension, and other
factors influencing microvascular in-
tegrity may be similar in retinal, cere-
bral, and pulmonary circulations sub-
jected to extreme hypoxemia.

Some of our findings may be inciden-
tal or questionably related to HACE. Patient 5 demonstrated mild
T2/FLAIR hyperintensity in periventricular WM in an atypical dis-
tribution, which persisted at follow-up imaging, suggesting an alter-
native cause such as small-vessel ischemic disease. One patient lacked
restricted diffusion in the corpus callosum or subcortical WM but
did have small reversible foci in the left cerebellar WM and medial
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24 months

FIG 5. Patient 5, 3T. Hemosiderin-sensitive sequences at 3 days, 8 months, and 2 years. Note uniformly distributed petechial hemorrhages that

persist and become more confluent with time.

Susceptibilty Weighted Images
at 10 years

GRE at Day 5

FIG 6. Patient 7. Hemosiderin-sensitive gradient echo with 1.5T on
day 5and SWlon 3T at 10 years. Microbleeds are not apparent on 1.5T.
Confluent hemosiderin staining is seen in the corpus callosum at 10-
year follow-up.
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right frontoparietal cortex. While possibly due to the same mecha-
nism as in the more typical lesions, ischemia could not be ruled out.
Two patients had small lacunar infarcts in the basal ganglia and sub-
cortical WM that persisted at follow-up. Similar lesions have been
reported previously, consequent to altitude illness, but how these are
related to HACE is unclear.'® One subject, patient 7, had clear corpus
callosum atrophy on the MR imaging examination at 10 years (On-
line Figure 20) but had no symptoms and normal neurologic
examination.

In conclusion, HACE is a potentially fatal neurologic con-
dition, characterized with MR imaging in severe nonfatal cases
by extensive fine black pepper microbleeds that leave a perma-
nent imprint. HACE pathophysiology appears to involve re-
versible vasogenic and cytotoxic edema that progresses to mi-
crovascular disruption and thus microbleeds. MR imaging,
notably 3T with SWI, detects both edema and microbleeds and
may provide an aid in diagnosis, staging, and management of
this serious condition.
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