
Defining hematoma expansion in
intracerebral hemorrhage
Relationship with patient outcomes

D. Dowlatshahi, MD,
PhD

A.M. Demchuk, MD
M.L. Flaherty, MD
M. Ali, PhD
P.L. Lyden, MD, FAAN
E.E. Smith, MD, MPH
On behalf of the VISTA

Collaboration

ABSTRACT

Background: Hematoma expansion (HE) is a surrogate marker in intracerebral hemorrhage (ICH)
trials. However, the amount of HE necessary to produce poor outcomes in an individual is unclear;
there is no agreement on a clinically meaningful definition of HE. We compared commonly used
definitions of HE in their ability to predict poor outcome as defined by various cutpoints on the
modified Rankin Scale (mRS).

Methods: In this cohort study, we analyzed 531 patients with ICH from the Virtual International
Stroke Trials Archive. Primary outcome was mRS at 90 days, dichotomized into 0–3 vs 4–6.
Secondary outcomes included other mRS cutpoints and mRS “shift analysis.” Sensitivity, specific-
ity, and predictive values for commonly used HE definitions were calculated.

Results: Between 13% and 32% of patients met the commonly used HE definitions. All definitions
independently predicted poor outcome; positive predictive values increased with higher growth
cutoffs but at the expense of lower sensitivities. All HE definitions showed higher specificity than
sensitivity. Absolute growth cutoffs were more predictive than relative cutoffs when mRS 5–6 or
6 was defined as “poor outcome.”

Conclusion: HE robustly predicts poor outcome regardless of the growth definition or the out-
come definition. The highest positive predictive values are obtained when using an absolute
growth definition to predict more severe outcomes. Given that only a minority of patients may
have clinically relevant HE, hemostatic ICH trials may need to enroll a large number of patients, or
select for a population that is more likely to have HE. Neurology® 2011;76:1238–1244

GLOSSARY
AUC � area under the receiver operating characteristic curve; GCS � Glasgow Coma Scale; HE � hematoma expansion;
ICH � intracerebral hemorrhage; INTERACT � Intensive Blood Pressure Reduction in Acute Cerebral Hemorrhage Trial;
MDD � minimal detectable difference; mRS � modified Rankin Scale; NIHSS � NIH Stroke Scale; ROC � receiver operating
characteristic; VISTA � Virtual International Stroke Trials Archive.

Intracerebral hemorrhage (ICH) is associated with 40% early mortality and 80% disability.1,2

Hematoma expansion (HE) is a major determinant of early deterioration and death.3,4 Accordingly,
there is interest in determining the risk of HE,5-8 and developing strategies to reduce HE.9

HE is a potential surrogate marker in ICH trials: HE is associated with poor outcome,4,10

can be influenced by therapy,11-13 and is on the biologic pathway that leads from initial presen-
tation to worsening and death. HE has not, however, been validated as a surrogate marker
for several reasons. First, there is no consensus definition for HE, which limits the under-
standing of its frequency and predictors.3,14-16 Second, relationships between different
definitions for HE and outcome have not been studied; it is unclear which cutoffs are most
appropriate. Third, different definitions of “poor outcome” in ICH have not been com-
prehensively studied; an optimal ICH trial outcome may increase the sensitivity to detect
treatment effects that reduce HE.
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Recent trials failed to find a clinical benefit
for ICH therapies, despite a reduction in
HE.11,13 These results are difficult to interpret
without a better understanding of the magni-
tude of HE reduction that is meaningful at
the individual patient level.17 To address these
limitations, we asked the following: 1) How
do different definitions of HE compare in
their ability to predict poor outcome? 2) Are
the relationships between HE and outcome
dependent on the definition of “poor out-
come” used?

METHODS We analyzed patient data obtained from the Vir-
tual International Stroke Trials Archive (VISTA).18 Eligibility
for VISTA required the following: 1) documented entry criteria
into a trial, with a minimum of 100 patients; 2) local ethics
board approval; 3) baseline assessment within 24 hours of stroke;
4) baseline assessment of neurologic deficit; 5) confirmation of
stroke with imaging; 6) outcome assessment between 1 and 6
months with a validated stroke scale; and 7) data validation
through monitoring. In addition, the VISTA cohort used in our
study consisted of patients presenting with CT-proven ICH
within 6 hours of symptom onset, and with baseline clinical,
radiologic, and laboratory data. All patients had baseline and
24-hour NIH Stroke Scale (NIHSS) score, follow-up CT scan at
72 hours, 3-month modified Rankin Scores (mRS), and
3-month mortality data. Exclusion criteria included ICH attrib-
utable to trauma, severely depressed consciousness, planned sur-
gical evacuation, premorbid mRS �1 or severe concurrent illness
with life expectancy �6 months, age �18, pregnancy or breast-
feeding, or inclusion in another study with an investigational
drug or device. ICH volumes were measured on the baseline and
72-hour scan using semiautomated computerized planimetry;
scans were read centrally. Patients were included from both the
active and control arms of the trials, but were not derived from
trials targeting HE, and were not treated with study-specified
antihypertensive or hemostatic agents. All patient data were ano-
nymized by VISTA.

The primary outcome was mRS at 3 months, dichotomized
into good (0–3) or poor (4–6) outcome. As there is no standard
definition for poor outcome in ICH trials,11,19 our secondary out-
comes included mRS “shift analysis,” and reclassification of poor
outcome as mRS 2–6, 3–6, 5–6, and 6 (death).

The primary exposure was HE. We performed univariate
analyses to explore the association between HE and outcomes,
and potential confounders including age, gender, medical his-
tory, antithrombotic medications, smoking, baseline blood
pressure, baseline NIHSS, Glasgow Coma Scale (GCS), onset-
to-baseline CT time, ICH location, intraventricular extension,
and baseline hematoma volume. We used Fisher exact test for
comparisons of dichotomous or categorical variables, and t test
or the Wilcoxon rank sum test for continuous variables. Multi-
variable models included significant covariates from this explor-
atory analysis.

We generated receiver operating characteristic (ROC) curves
for relative and absolute definitions of HE and compared them.
To determine whether initial hematoma size affects the perfor-
mance of the absolute vs relative growth definitions, we com-
pared their c statistics when adjusted for baseline ICH volume

(categorized as �10 mL, 10–19 mL, 20–29 mL, and �30 mL).
For the most commonly used definitions of HE (33% growth,
�6 mL growth, or �12.5 mL growth) we calculated sensitivity,
specificity, and positive and negative predictive values. To derive
a mathematically optimal cutoff for growth, we randomly se-
lected a derivation sample (2/3 of the cohort) and used the
method of Youden20 to select optimal cutpoints for relative and
absolute growth. These cutpoints were then tested in the remain-
ing validation sample.

Using the complete study cohort, we built multivariable lo-
gistic regression models to test the relationships between various
definitions of HE and the primary outcome, adjusted for con-
founders. Candidate variables were those associated with the pri-
mary outcome ( p � 0.15) in the exploratory analysis.
Nonsignificant variables (p � 0.05) were eliminated in a back-
ward stepwise fashion to create a minimal model.

Finally, ROC analyses and multivariable models were re-
peated for the secondary outcome measures. Ordinal logistic re-
gression was used for mRS shift analysis. All models were
adjusted for the same covariates as above.

SAS version 9.2 (Cary, NC) was used for all statistical
analyses.

Standard protocol approvals, registrations, and patient
consents. All studies included into the VISTA database re-
quired patient consent and local ethics board approval.

RESULTS The study cohort consisted of 531 pa-
tients; baseline characteristics are shown in table 1.
Exploratory analyses revealed significant associations
between poor functional outcome (mRS 4–6) and
HE, age, GCS, baseline NIHSS, baseline systolic
blood pressure, baseline glucose, baseline ICH vol-
ume, intraventricular hemorrhage, early neurologic
worsening (NIHSS change �4 between baseline and
24 hours), prior stroke, prior hypertension, prior
atrial fibrillation, and anticoagulant use (p � 0.05
for all comparisons, data not shown). Early neuro-
logic worsening occurred in 8.7% overall and was
more frequent in patients with HE as defined by any
of the cutoffs in table 1 (p � 0.001 for each compar-
ison, data not shown).

ROC curves for absolute and relative HE, for the
prediction of poor outcome defined as mRS 4–6, are
shown in the figure. The area under the ROC curve
(AUC) was 0.61 for absolute growth and 0.59 for
relative growth; HE discriminated the risk of poor
outcome only modestly. There was a trend toward
better discrimination when using absolute growth
compared to relative growth (p � 0.09). Absolute
growth was more predictive of poor outcome than
relative growth when the definition of poor outcome
was changed to mRS 5–6 (AUC 0.64 vs 0.61, p �

0.02) or death (AUC 0.66 vs 0.62, p � 0.003). The
discrimination of relative and absolute growth was
similar across different categories of baseline hema-
toma size (�10 mL, 10–19 mL, 20–29 mL, and
�30 mL), with AUCs ranging from 0.59 to 0.66 for
absolute growth and 0.59 to 0.66 for relative growth.
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There were no significant differences between the
AUCs for absolute vs relative HE in any baseline he-
matoma size category (p � 0.14 for all comparisons).

To derive and validate a mathematically defined
optimal growth cutpoint, we randomly divided the
cohort into derivation (n � 354) and validation (n �
177) samples. According to the method of Youden,20

the best cutoff for absolute growth was �3 mL (sen-
sitivity 49%, specificity 81%) and the best cutoff for
relative growth was �26% (sensitivity 42%, specific-
ity 80%). These cutoffs reproduced well in the vali-
dation sample (�3 mL: sensitivity 38%, specificity
79%; �26%: sensitivity 35%, specificity 78%) with
the exception of somewhat lower sensitivity for the
�3 mL cutoff in the validation sample compared to
the derivation sample.

Using the entire cohort (n � 531), we calculated
sensitivity, specificity, positive predictive value, and
negative predictive value for commonly used HE def-
initions, as well as the mathematically derived opti-
mal cutpoints (table 2; values for all definitions
shown in table e-1 on the Neurology� Web site at
www.neurology.org). By any definition, specificity
was substantially higher than sensitivity. Less than a
third of patients had HE by any of these definitions.
Multivariable-adjusted regression analyses confirmed
that all definitions independently predicted poor
outcome (table 3).

HE was a robust independent predictor of early
neurologic deterioration and poor outcome regard-
less of the outcome definition or growth definition
(table 4). Sensitivity for predicting poor outcome in-
creased when using more severe outcomes, more so
for absolute growth definitions compared to relative
growth definitions. There was no clearcut growth
definition that best predicted outcome, although ab-
solute growth better predicted the more severe out-
comes. Further, as the amount of growth required for

Table 1 Characteristics of study cohorta

Characteristic Value

Age, y, mean � SD 65.6 � 11.7

Male, % 64

Onset to CT, h, mean � SD 2.23 � 1.08

ICH volume, mL, median (IQR) 14.8 (7.9, 26.8)

Hematoma expansion, mL, median (IQR) 1 (�0.4, 5.5)

Hematoma expansion, %, median (IQR) 8.2 (�4.6, 38)

Proportion with hematoma
expansion, %

>6 mL 24

>12.5 mL 13

>33 27

Intraventricular extension, % 33

GCS, median (IQR) 15 (13, 15)

NIHSS, median (IQR) 13 (9, 17)

Systolic BP, mean � SD 175.1 � 31.5

Diastolic BP, mean � SD 93.3 � 19.6

Previous stroke, % 11

Ischemic heart disease, % 14

Hypertension, % 83

Hypercholesterolemia, % 10

Atrial fibrillation 8

CHF, % 3

Diabetes, % 18

Smoking, %b

Current 19

Former 21

Never 60

Pre-ICH antiplatelet drug, % 23

Pre-ICH anticoagulation, % 6

Early neurologic worsening, % 8.7

mRS at 90 days, %

0 3

1 13

2 15

3 19

4 25

5 9

6 16

Abbreviations: BP � blood pressure; CHF � congestive
heart failure; GCS � Glasgow Coma Scale; ICH � intracere-
bral hemorrhage; IQR � interquartile range; mRS � modi-
fied Rankin Scale; NIHSS � NIH Stroke Scale.
a Continuous and normally distributed variables presented
as mean � SD. Categorical, continuous, and non-normally
distributed variables presented as median (IQR).
b Smoking status was missing in one patient.

Figure Receiver operating characteristic
(ROC) curve comparison

ROC curves for percent growth and absolute growth (n �

531). FP � false positive; TP � true positive.
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the definition of significant HE was increased, sensi-
tivity was sacrificed for greater specificity. Odds ra-
tios for ordinal logistic regression (shift analysis) were
also highly significant for all growth definitions.

DISCUSSION Early definitions of hematoma
growth were derived from the thresholds at which
expansion was visually discernible on sequential CT
scans: proposed definitions included 40% relative
volume increase or an absolute increase of 12.6 mL,3

33% relative increase,15 a combined 50% relative in-
crease and 2 mL absolute increase,14 or a 20-mL ab-
solute increase.14 More recently, investigators from
the phase IIb recombinant factor VII ICH trial used
a combined cutoff of 33% relative and 12.5 mL ab-
solute volume increase as the criteria for hematoma
enlargement.21 Yet current studies examining CT an-
giography contrast extravasation used an absolute in-
crease of 6 mL,8,22 based on a recent ICH cohort
study.23 Clearly, there is no universally agreed upon
definition for hematoma growth.

Our study systematically delineates the relation-
ship between clinical outcomes and the most com-
monly used definitions of HE. A minority of patients
exhibited HE, even by the most liberal definition,
which is consistent with prior findings.3,14,15 There

was no obvious threshold relationship between HE
and the likelihood of poor outcome. We found all
HE definitions performed similarly: by any defini-
tion, the sensitivity for predicting poor outcome was
�50%, and was much lower than the specificity.
Many patients with ICH were likely destined for a
poor outcome irrespective of HE, perhaps due to ad-
vanced age, large hematoma volumes, or intraven-
tricular extension, which contributed to the low
sensitivity (the probability that a patient with a poor
outcome had HE). By contrast, specificity was sub-
stantially higher. Accordingly, the positive predictive
values (the probability that a patient with HE will
have a poor outcome) ranged from 66% to 78%. As
expected, the positive predictive value was higher for
HE definitions that required a greater amount of he-
matoma increase.

There was a trend toward better performance for
absolute HE definitions compared to relative HE
definitions. For prediction of our prespecified poor
outcome (mRS 4–6), the AUC for absolute growth
was nonsignificantly higher than for relative growth
(p � 0.09). In secondary analyses, the AUC for abso-
lute growth was significantly higher than relative
growth when poor outcome was defined as either se-
vere disability (mRS 5–6) or death. Further, the pos-
itive predictive values for poor outcome were higher
for absolute growth definitions as compared to rela-
tive growth definitions. The most likely explanation
for these findings is that absolute HE is directly pro-
portional to the volume of brain tissue destroyed or
distorted by the hematoma; hematoma volume is
well-recognized as the primary determinant of poor
outcome following ICH.24,25

We found baseline hematoma size had little bear-
ing on the ability of absolute vs relative HE defini-
tions to predict outcome. One might expect that
relative HE definitions would perform poorly in he-
matomas of small baseline size, as a 33% relative size
increase would translate into a small volume increase.
Conversely, one might expect that relative HE defi-
nitions would perform better when the baseline he-
matoma size is large. Unexpectedly, we failed to find
any significant difference between absolute and rela-
tive definitions of HE according to baseline hema-
toma size categories of �10, 10–19, 20–29, and
�30 mL. Our results may reflect the choice of base-
line hematoma size categories. It is possible that the
relationships between relative and absolute HE defi-
nitions and outcome become more apparent in he-
matomas of very small or very large baseline size, of
which there were few in this study.

In addition to investigating HE definitions al-
ready used in the literature, we used the study data to
derive and validate mathematically optimal cutoffs

Table 2 Sensitivity and specificity of various cutoffs for prediction of poor
outcome (mRS 4–6)a

Cutoff Frequency, n (%) Sensitivity, % Specificity, % PPV, % NPV, %

>3 mL 172 (32) 46 81 70 60

>6 mL 125 (24) 35 88 74 58

>12.5 mL 70 (13) 22 95 81 55

>26% 159 (30) 40 79 65 57

>33% 142 (27) 37 83 68 57

Abbreviations: mRS � modified Rankin Scale; NPV � negative predictive value; PPV � pos-
itive predictive value.
a n � 531.

Table 3 Multivariable-adjusted relationship
between hematoma growth and
poor outcomea

Growth definition OR 95% CI p

>3 mL 2.99 1.88–4.77 �0.001

>6 mL 3.11 1.84–5.26 �0.001

>12.5 mL 3.98 1.94–8.18 �0.001

>26% 2.59 1.63–4.10 �0.001

>33% 2.73 1.70–4.39 �0.001

Abbreviations: CI � confidence interval; OR � odds ratio.
a Poor outcome was defined as modified Rankin Scale score
4–6. Models were adjusted for age, intracerebral hemor-
rhage volume, intraventricular hemorrhage, Glasgow Coma
Scale, history of previous stroke, hypertension, and warfa-
rin use.
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for absolute and relative HE, based on the method of
Youden.20 This method selects the optimal cutoff
based on the point on the ROC curve that is farthest
from a chance result. The cutoffs obtained (3 mL and
26%) represent lower degrees of HE than the com-

monly used definitions in the literature, and have
correspondingly lower positive predictive values but
higher sensitivities. These “optimal” cutpoints are se-
lected by a method that assigns equal weight to max-
imizing sensitivity and specificity, and therefore may
not be the most clinically relevant when these are not
deemed to be equal. A clinically relevant definition of
HE suitable for use as a surrogate marker in trials of
hemostatic therapies should have a high positive pre-
dictive value, such that there is a high likelihood that
a patient meeting the definition for HE will have a
poor outcome. In this context, our mathematically
derived HE cutpoints may not be ideal definitions
for hemostatic clinical trials. Rather, the commonly
used �12.5 mL cutpoint had the highest adjusted
odds ratio for predicting all poor outcome defini-
tions, and is above the minimal detectable difference
(MDD) of quantitative volumetric ICH measure-
ment.26 Yet �12.5 mL growth was only seen in 13%
of patients in this study. This highlights a necessary
trade-off when defining HE cutoffs: more specific
definitions are based on higher amounts of growth,
which are seen in fewer patients. An ideal definition
of HE for a hemostatic trial should have a good pos-
itive predictive value and exceed the MDD of ICH
measurement while still being detected in a reason-
able proportion of trial participants.

This study has several limitations. Our findings
may not be applicable to studies restricted to very
early ICH presentation. Our dataset included pa-
tients scanned up to 6 hours after symptom onset,
similar to the Intensive Blood Pressure Reduction in
Acute Cerebral Hemorrhage Trial (INTERACT),
which showed blood pressure lowering reduces HE.13

The frequency of HE is dependent on the timing of
imaging, as maximal growth occurs in the first 3
hours.15 Mean time from symptom onset to CT in
our study (2.23 � 1.08 hours) was comparable to
INTERACT (3.5 hours from onset to randomiza-
tion), but slightly longer than the phase III Factor
Seven for Acute Hemorrhagic Stroke trial (1.82 �

0.65 hours from onset to CT), which only enrolled
patients with symptom onset to scan times of �4
hours.11 Median HE was lower in our study com-
pared to the placebo group of the FAST trial, consis-
tent with our longer mean onset to scan times.
Further, in our cohort, final ICH volume was mea-
sured at 72 hours, instead of 24 hours as in many
other studies. This may have overestimated HE com-
pared to other studies, although we think this is un-
likely because late expansion (between 24 and 72
hours) is considered very rare. In addition, the data
in this study were derived from participants in ICH
trials and excluded patients with severely depressed
consciousness, large ICH volumes, or those in whom

Table 4 Relationship between hematoma expansion and different definitions
of poor clinical outcome

Definition of
poor outcome
(mRS) Sensitivity Specificity PPV NPV Adjusteda OR 95% CI

>3 mL

2–6 36 87 94 21 3.15 1.56–6.36

3–6 40 83 83 39 2.6 1.56–4.32

4–6 46 81 70 60 2.99 1.88–4.77

5–6 55 75 41 84 3.68 2.19–6.17

6 (death) 60 73 29 91 4.07 2.27–7.30

Ordinalb — — — — 3.16 2.20–5.53

>6 mL

2–6 27 93 95 20 3.81 1.55–9.35

3–6 29 89 85 37 2.54 1.41–4.56

4–6 35 88 74 58 3.11 1.84–5.26

5–6 45 84 47 83 4.25 2.47–7.43

6 (death) 51 82 34 90 4.55 2.51–8.22

Ordinalb — — — — 3.5 2.34–5.24

>12.5 mL

2–6 16 99 99 19 11.13 1.48–83.55

3–6 18 97 93 36 5.36 2.01–14.29

4–6 22 95 81 55 3.98 1.94–8.18

5–6 30 92 56 80 4.24 2.21–8.12

6 (death) 36 91 43 88 4.59 2.35–8.96

Ordinalb — — — — 4.47 2.67–7.48

>26%

2–6 34 90 94 21 4.41 2.05–9.47

3–6 36 83 82 38 2.82 1.70–4.70

4–6 40 79 65 57 2.59 1.63–4.10

5–6 43 74 35 80 2.92 1.73–4.94

6 (death) 44 73 23 87 2.82 1.56–5.09

Ordinalb — — — — 2.78 1.94–4.00

>33%

2–6 30 90 94 20 3.34 1.58–7.08

3–6 32 85 82 37 2.38 1.42–4.00

4–6 37 83 68 57 2.73 1.70–4.39

5–6 42 78 38 80 3.33 1.96–6.66

6 (death) 42 76 25 87 2.93 1.62–5.30

Ordinalb — — — — 2.73 1.88–3.95

Abbreviations: CI � confidence interval; OR � odds ratio; mRS � modified Rankin Scale;
NPV � negative predictive value; PPV � positive predictive value.
a Adjusted for age, intracerebral hemorrhage volume, intraventricular hemorrhage, Glas-
gow Coma Scale, history of previous stroke, hypertension, and warfarin use.
b Ordinal logistic regression (“shift” analysis) adjusting for age, intracerebral hemorrhage
volume, intraventricular hemorrhage, Glasgow Coma Scale, previous stroke, hypertension,
and warfarin.
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withdrawal of care or surgical intervention was antic-
ipated. Despite these exclusions, withdrawal of care
following trial enrollment may partly account for the
strong association between HE and death, if HE was
perceived by the treating team as negating any
chance of a good outcome (a potentially self-fulfilling
prophecy).27,28 Although our findings may not be ap-
plicable to the entire ICH population, our study co-
hort is representative of the patients enrolled in ICH
clinical trials,11,13 and our results have important im-
plications for their design. The cohort design intro-
duces the possibility of unknown confounding
variables that may have influenced the relationship
between HE and outcome. Finally, our analyses were
exploratory and our findings may have been influ-
enced by unique characteristics of our study popula-
tion and therefore warrant confirmation and external
validation.

If our observations can be independently con-
firmed, then we suggest our findings have 3 main
implications for designing and reporting of hemo-
static therapy trials for ICH. First, dichotomous def-
initions of HE should include an absolute growth
criterion, and absolute growth should be reported in
trials. Absolute growth seems more clinically relevant
than relative growth, particularly for more severe
outcomes. Further, this growth definition should
have a high positive predictive value for poor out-
come, capture a useful number of patients with HE,
and exceed the MDD of ICH volume measurement.
Second, HE appears more predictive of severe out-
comes than more moderate ones; an endpoint based
on severe disability or death may be more sensitive to
hemostatic therapy than other endpoints. Third, to
efficiently conduct clinical trials of hemostatic ther-
apy, it would be advantageous to enrich the study
population with patients at higher risk for HE, as we
found that HE is only present in a minority of pa-
tients even when using relatively liberal definitions.
Patients without clinically relevant HE have little
chance of benefit, but a similar chance of harm from
hemostatic therapies. Patient selection for hemostatic
trials could be based on very early enrollment after
symptom onset, or by radiologic criteria such as the
presence of a “spot sign” on CT.22,29
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It’s Not Too Late…to Say “Aloha” to More of What
YOU Want in 2011

On-site registration still available!

The 2011 Annual Meeting is bringing big changes to the Aloha State—changes you’ve asked for
and we’re excited to deliver.

… so stop in at the on-site registration booth in the Hawaii Convention Center beginning at 7:00
a.m. on Saturday, April 9, and say “aloha” to an Annual Meeting customized to fit your interests
and needs with more choice, more flexibility, and more programming than ever before.

63rd AAN Annual Meeting
Hawaii Convention Center, Honolulu
April 9–April 16
Learn more at www.aan.com/am
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