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Brain arterial remodeling contribution to

nonembolic brain infarcts in patients

with HIV

ABSTRACT

Background: Cerebrovascular disease is a cause of morbidity in HIV-infected populations. The
relationship among HIV infection, brain arterial remodeling, and stroke is unclear.

Methods: Large brain arteries (n = 1,878 segments) from 284 brain donors with and without HIV
were analyzed to obtain media and wall thickness and lumen-to-wall ratio, and to determine the
presence of atherosclerosis and dolichoectasia (arterial remodeling extremes). Neuropathologic
assessment was used to characterize brain infarcts. Multilevel models were used to assess for
associations between arterial characteristics and HIV. Associations between arterial character-
istics and brain infarcts were examined in HIV+ individuals only.

Results: Adjusting for vascular risk factors, HIV infection was associated with thicker arterial
walls and smaller lumen-to-wall ratios. Cerebral atherosclerosis accounted for one-quarter of
the brain infarcts in HIV+ cases, and was more common with aging, diabetes, a lower CD4 nadir,
and a higher antemortem CD4 count. In contrast, a higher lumen-to-wall ratio was the only arterial
predictor of unexplained infarcts in HIV+ cases. Dolichoectasia was more common in HIV+ cases
with smoking and media thinning, and with protracted HIV infection and a detectable antemortem
viral load.

Conclusions: HIV infection may predispose to inward remodeling compared to uninfected con-
trols. However, among HIV+ cases with protracted immunosuppression, outward remodeling is
the defining arterial phenotype. Half of all brain infarcts in this sample were attributed to the
extremes of brain arterial remodeling: atherosclerosis and dolichoectasia. Understanding the
mechanisms influencing arterial remodeling will be important in controlling cerebrovascular dis-
ease in the HIV-infected population. Neurology® 2015;85:1139-1145

GLOSSARY

cART = combination antiretroviral therapy; Cl = confidence interval; CVD = cardiovascular disease; IEL = internal elastic
lamina; LWR = lumen-to-wall ratio;, MHBB = Manhattan HIV Brain Bank; OR = odds ratio.

With the advent of effective combination antiretroviral therapy (cART), individuals with HIV
live longer, but there remains an increased prevalence and incidence of stroke among HIV+
patients compared to the general population.' Whether this simply reflects general increases in
systemic arterial disease seen in aging with HIV or a more complex array of factors specific to the
cerebral circulation is unclear.

A still unanswered question is whether HIV per se is independently associated with vasculo-
pathic changes. There is evidence to consider HIV infection as proatherogenic.* However, there
also exist data supporting a nonatherosclerotic dolichoectatic arterial phenotype in individuals
with HIV, characterized by dilation and tortuosity of cerebral and systemic large arteries.>®
Atherosclerosis and dolichoectasia may represent extremes in the brain arterial remodeling
continuum.” Investigating the relationship between brain arterial remodeling and the presence
of brain infarcts among HIV+ patients may help in targeting specific therapies to curb the rise
of cerebrovascular disease in this population.
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[ Table 1 Characteristics of the sample studied by HIV status ]
HIV-positive HIV-negative
(n=142) (n = 142) p Value®
Age, y
Mean = SD 49 + 9 49 =9
Median (IQR) 48 (42-55) 48 (42-55)
Range 30-84 30-82
Male sex, % 75 75

Ethnicity, %

NH white

NH black

Hispanic
Hypertension, %
Diabetes, %
Dyslipidemia, %
Smoking, %

Cocaine use, %

Cardiovascular disease, %

No. of years with HIV

infection, mean (IQR)

No. of months in follow-up,

mean (IQR)

CD4 count at death, cells/mL,

mean (IQR)

CD4 count nadir, cells/mL, mean (IQR)

18 76 <0.01
46 14

36 10

59 34 <0.01
16 11 0.21
21 11 0.03
53 54 0.71
39 6 <0.01
46 31 <0.01
11 (6-15) NA =

24 (2-32) NA =

165 (12-242) NA =

117 (10-163) NA —

Unsuppressed viral load (>50 RNA 57 NA —

copies/mLc, %)

History or evidence of opportunistic 71 NA =

infections, %

cART use, %° 56 NA —
Nucleotide reverse transcriptase 55) —
inhibitors

Non-nucleotide reverse transcriptase 20 —

inhibitors
Protease inhibitors

Others

38 =

6 —

Abbreviations: cART = combination antiretroviral therapy; IQR = interquartile range; NA =
not applicable; NH = non-Hispanic.

2Univariate analysis.

b cART use recorded at the time of death.
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The goal of this analysis was to investigate
whether brain arterial remodeling differs
among HIV+ cases compared to age- and
sex-matched uninfected controls, and to test
the hypothesis that these markers of brain arte-
rial remodeling are associated with the pres-
ence of brain infarcts in HIV+ cases.

METHODS Arterial specimens were obtained from the Brain
Arterial Remodeling Study collection, itself formed from 4
brain banks or tissue collections.® For this analysis, patients with
HIV (n = 142) were matched by age (%3 years) and sex to
HIV-uninfected controls. The majority of patients with HIV
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(N = 137) came from the Manhattan HIV Brain Bank
(MHBB, S. Morgello, PI). The MHBB has 2 sources of
donors: the majority are enrolled while alive and followed
prospectively, while a smaller number are obtained at the
time of autopsy and clinical information obtained through
review of the medical record. Cardiovascular disease (CVD)
was defined by history of stroke (any), myocardial infarction,
coronary artery disease, angina, or peripheral artery disease.
Brain infarcts were defined by autopsy as a focal cavity
corresponding to a vascular territory. The presumed etiology
of brain infarct was obtained retrospectively from chart review
and autopsy findings and attributed by consensus between a
neuropathologist (senior author) and a vascular neurologist
(first author; see e-Methods on the Neurology® Web site at
Neurology.org).

For the histopathologic evaluation of brain large arteries, the
circle of Willis or part of it was extracted from available
formaldehyde-fixed brain tissues. Five-millimeter segments were
cut from the proximal and distal portion of each available large
brain artery and embedded in paraffin. Six-micron-thick sections
were cut for hematoxylin & eosin and elastic Van Gieson stains.
The variables of interest for this analysis were as follows: lumen
diameter, media thickness, lumen-to-wall ratio (LWR, calculated
as lumen diameter [numerator]: thickness of the arterial wall
[denominator]), degree of stenosis, the presence of internal elastic
lamina (IEL) fragmentation (or gaps), IEL duplication, arterial
calcifications, atherosclerosis, and dolichoectasia. We considered
LWR a continuous measure of arterial remodeling with a small
LWR indicative of inward remodeling and a large LWR indicative
of outward remodeling. We used atherosclerosis and dolichoec-
tasia as nonoverlapping extremes of remodeling. We defined ath-
erosclerosis as the presence of at least a clearly defined atheroma
with a fibrotic cap (see e-Methods). Dolichoectasia was defined
solely by an arterial size-adjusted LWR >2 SD for each sex
obtained from this sample. Since sex is one of the major deter-
minants of brain arterial diameters, we obtained the distribution
of each arterial segment by sex to obtain the cutoffs for dolichoec-
tasia.® None of the arteries classified as dolichoectatic had con-
current evidence of atherosclerosis. We considered HIV
vasculopathy a form of secondary dolichoectasia, given that the
radiographic appearances of dolichoectasia in non-HIV cases and
in those with HIV vasculopathy are indistinguishable, and
because both conditions are indicative of extreme outward

remodeling.®”?

Standard protocol approvals, registrations, and patient
consents. Institutional review board approval and patient con-
sent were obtained by each of the cited brain collections at their

respective institutions.

Statistical analysis. Differences in the proportions of demo-
graphic and clinical characteristics among groups were compared
with Student # test and X* as indicated. Multivariate logistic
regression was performed to assess independent associations of
demographic and clinical characteristics with HIV and to obtain
odds of association and their 95% confidence intervals (Cls). To
enable a fair comparison among arteries with different sizes and
locations, we adjusted all analyses for arterial size, number of
arteries per case, and the type of arteries included in each case.®
Additionally, media and wall thicknesses as well as LWR were
normalized with log transformation. First we investigated
whether brain large arteries from cases with HIV had different
characteristics compared to the age- and sex-matched HIV-
negative controls with 3 statistical models controlling

progressively for demographics and vascular risk factors. Then
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[ Table 2 Arterial characteristics associated with HIV infection ]
Model O Model 1 Model 2
Change in media thickness, pm -0.02 + 0.01  0.01 = 0.01 0.05 + 0.02% (p = 0.006)
Change in wall thickness, pm  -0.01 + 0.01 -0.01 = 0.01 0.04 + 0.01% (p = 0.008)
Change in lumen-to-wall ratio 0.01 +0.01 0.01+0.01 -0.05=+0.02%(p=0.01)
Change in arterial stenosis, % —0.03 + 0.02 -0.04 += 0.02 0.04 + 0.03 (p = 0.16)
Presence of arterial -0.73 +0.38 -0.90 + 0.33" -0.60 + 0.61 (p = 0.19)

calcification (any)

Model O: Adjusting for interadventitial diameter, arteries studied per case, and artery
location. Model 1: Model O plus age, sex, and race/ethnicity. Model 2: Model 1 plus
hypertension, diabetes, dyslipidemia, smoking, cocaine use, brain bank, and country of
origin. Each row was assessed individually given the high collinearity among the 4
continuous variables studied here.

2p = 0.05; a negative B coefficient implies that the variable is decreased by the stated value

in those with HIV.

we assessed whether any of these characteristics would be
associated with the presence of cryptogenic brain infarcts in
HIV+ cases. Finally, we assessed for associations among
demographic, clinical, and pathologic variables with the 2 main
arterial phenotypes studied in this study: atherosclerosis and
dolichoectasia. We used multilevel mixed models with random
effects for continuous variables and generalized linear models with
a Poisson distribution and log link for categorical variables.

Statistical significance was set at a p value of =0.05 and

statistical interactions were considered significant at a p value of
=0.10. The analysis was carried out with SAS software, version

9.2 (SAS Institute Inc., Cary, NC).

RESULTS Sample characteristics. Sample characteris-
tics are illustrated in table 1. HIV+ brain donors
were more likely to be African American (odds ratio
[OR] 3.2, 1.3-7.4), Hispanic (OR 7.0, 2.8-17.7),
smokers (OR 4.7, 2.2-10.2), and to have used
cocaine (OR 2.7, 1.1-6.6), after adjusting for cova-
riates. CVD was more common in the HIV popula-
tion; however, no significant association remained
between HIV and CVD after adjusting for vascular
risk factors (OR 1.2, 0.6-2.4).

HIV as a predictor of brain arterial phenotypes. Com-
pared with HIV— cases, brain large arteries from
HIV+ cases had a thicker media and thicker arterial
walls with smaller LWR, suggesting a predisposition
for inward remodeling. These associations became
apparent only after adjustment for demographics
and vascular risk factors. Arterial stenosis was also
higher among cases with HIV, but it did not reach
statistical significance. There was no difference in the
rate of arterial calcification by HIV status (table 2).

[ Figure Examples of patients with HIV and brain infarcts with corresponding arterial pathology ]

Distal right vertebral
artery

Case 1: HIV +
vertebrobasilar
territory infarcts

Distal intracranial
carotid artery

Case 2: HIV +
basal ganglia
infarcts L

Proximal basilar
artery

Distal basilar
artery

Distal middle
cerebral artery

Proximal middle
cerebral artery

Patient 1 was a 43-year-old Hispanic man with HIV infection for 9 years treated with didanosine, abacavir, and nelfinavir at the time
of death. His CD4 count nadir was 29 and at death his CD4 count was 118 and his viral load 354,870 copies/mLc. He had a history
of hypertension and smoking. The brain autopsy demonstrated multiple small infarcts in the territory supplied by the vertebrobasilar
system. The basilar artery and vertebral arteries shown here have a relatively thin wall with a dilated lumen. Patient 2 was a 64-year-
old Hispanic woman with HIV infection for 15 years, treated with lamivudine/zidovudine and efavirenz, CD4 count nadir of 125 and
at death of 537, with an undetectable viral load. She also had hypertension and smoking. Brain autopsy disclosed hypertensive ret-
inopathy and circle of Willis atherosclerosis (arrows show thin-fibrous cap atheromas). Staining for opportunistic infections in brain
parenchyma was unrevealing. The systemic autopsy disclosed left ventricular hypertrophy and systemic atherosclerosis.
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Table 3 Arterial characteristics associated with cryptogenic brain infarcts

among patients with HIV

Change in the parameter among those with cryptogenic

infarcts compared to those without cryptogenic infarcts Model O Model 1

Media thickness, pm -027 + 024 -0.31 +0.23
Lumen-to-wall ratio 0.35 + 0.13* 0.40 = 0.14°
Internal elastic lamina gaps -0.04 + 0.07 -0.14 +=0.10
Internal elastic lamina duplications -0.04 + 0.04 -0.05=0.04

Model O: Adjusting for interadventitial diameter, arteries studied per case, and artery
location. Model 1: Model O plus age, sex, and ethnicity. Due to collinearity among wall
thickness, lumen-to-wall ratio, and stenosis, we kept only lumen-to-wall ratio because it was
the predetermined variable used in this study to define cerebral arterial remodeling.

?p = 0.05.

Brain infarcts among patients with HIV. Thirty out of
142 cases with HIV (21%) had brain infarcts. Among
these 30 cases, 7 had embolic sources (3 with bacterial
endocarditis, 3 with dilated cardiomyopathy or intra-
cavitary thrombus, and 1 with an aortic abscess after
prostatic aortic valve replacement), 5 had brain

Table 4 Cross-sectional associations of atherosclerosis and dolichoectasia
among cases with HIV
Cases with Cases with
atherosclerosis dolichoectasia

Age, y 0.09 + 0.03% 0.02 + 0.03
Male sex 0.05 + 0.53 0.57 + 0.56
Ethnicity

Non-Hispanic white Ref Ref

African American or black 0.43 = 0.89 -0.63 = 0.57

Hispanic 0.72 + 0.97 -1.83 + 0.72%
Hypertension 095 +1.29 0.01 + 0.56
Diabetes 1.73 + 0.40°% -0.02 + 0.55
Dyslipidemia -0.27 + 0.48 -0.16 + 0.61
Smoking 0.45 + 0.55 1.43 + 0.712
Cocaine use -0.04 = 0.54 -0.06 = 0.47
Media thickness, pm 0.83 135 -13.92 + 1.45°%
Any prior opportunistic infections 0.54 + 0.50 -0.18 + 0.51
CD4 cell count nadir —-0.007 + 0.003* —-0.003 + 0.003
CD4 cell count at death 0.003 + 0.001? 0.003 = 0.002
Viral load >50 copies at death -0.33 + 0.38 1.80 + 0.83?
No. of years with HIV -0.03 = 0.05 0.10 = 0.05*
Persistent immunosuppression® -041 + 081 0.50 + 0.62
Protease inhibitors 0.67 = 0.60 1.01 + 0.53
Nucleoside reverse transcriptase -0.69 + 0.64 -0.87 + 0.54

inhibitors

All estimates are adjusted for interadventitial diameter, artery location, age, sex, race/
ethnicity, hypertension, diabetes, dyslipidemia, smoking, and cocaine use.

2p = 0.05; a negative B coefficient implies that the variable is less likely to occur in those
with HIV.

bDefined as CD4 cell count <200 cells/uL in more than 50% of the visits during antemor-
tem longitudinal follow-up.
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opportunistic infections (2 cytomegalovirus, 2 cryp-
tococcus, and 1 HIV leukoencephalopathy), 3 had
disorders of coagulation (1 antiphospholipid syn-
drome, 2 disseminated intravascular coagulation due
to cancer or sepsis), 7 had atherosclerosis in the brain
arteries supplying the region of their infarcts (and
thus attributed to intracranial atherosclerosis), and 8
were cryptogenic. The only arterial measure associ-
ated with cryptogenic brain infarcts was a higher
LWR, suggestive of outward remodeling (figure).
This reported association was significant even after
controlling for demographic and vascular risk factors

(table 3).

Predictors of brain large artery atherosclerosis and
dolichoectasia among patients with HIV. Intracranial
large artery atherosclerosis among patients with
HIV was associated with aging, diabetes, a higher
CD4 count at death, and a low nadir CD4, whereas
dolichoectasia was associated with smoking, a thin-
ner media, and a protracted (increased duration of)
HIV infection. A trend was also noted for protease
inhibitor use and dolichoectasia (p = 0.059). All
of these associations were independent of demo-
graphic, clinical, immunologic, and pharmacologic
variables (table 4).

We investigated statistical interactions post hoc.
Intracranial atherosclerosis was more common among
individuals who had both hypertension and diabetes
(p = <0.001), or in individuals with diabetes (p =
0.04) or hypertension (p = 0.05) who used protease
inhibitors. In contrast, dolichoectasia was more likely
among individuals with a protracted HIV infection
who also remained immunosuppressed during ante-
mortem follow-up (p = 0.07) or who had detectable
viral loads at death (p = 0.02).

DISCUSSION In this cART-era autopsy sample,
large brain arteries from HIV+ individuals had
thicker arterial walls, thicker media, smaller LWR,
and a trend for greater degrees of arterial stenosis
than age- and sex-matched HIV-negative controls,
independent of vascular risk factors. These findings
suggest that in aggregate, in the cART era, some
aspect of HIV infection promotes inward arterial
remodeling  when  compared to  uninfected
individuals. The pathologic consequences of inward
remodeling and of its most feared phenotype,
atherosclerosis, are not minimal. In this sample,
1 out of 4 brain infarcts had no apparent cause
other than large artery atherosclerosis, highlighting
the importance of the noted association between
HIV and markers of inward remodeling. In
HIV+  individuals  with

unexplained infarcts, an increased LWR (indicative

contrast, among

of outward remodeling) was the only predictor of



the presence of these infarcts. Consequently, half of
the HIV+ individuals who had brain infarcts were
associated with extreme phenotypes of arterial
remodeling, i.e., atherosclerosis and dolichoectasia.
The implications of these observations are that an
increased risk of stroke in HIV may emerge from
divergent intrinsic cerebrovascular biologies, and
that focus should be placed on finding ways to
distinguish variable mechanisms of disease in this
population. A pertinent question arising is thus
whether HIV per se plays a role in the development
and natural history of atherosclerosis or
dolichoectasia, independent of the risks conveyed
by the typically highly morbid vascular profile
documented in the HIV population.®'°

Our results provide some insight into this ques-
tion. Brain artery atherosclerosis in HIV+ cases was
more frequent among older individuals, in those with
diabetes, diabetes, and hypertension, and in those
who used protease inhibitors in the setting of hyper-
tension or diabetes. This comes as no surprise, as
diabetes and hypertension are well-accepted risk fac-
tors for large artery atherosclerosis, and protease in-
hibitors have been linked to myocardial infarction
(usually attributed to atherosclerosis) in HIV.'"1> A
novel finding in our study is that intracranial athero-
sclerosis was more likely among those with a lower
nadir CD4 count and a higher CD4 count at the time
of death. Other studies have reported similar associ-
ation with extracranial atherosclerosis. For example,
there is an association between history of an AIDS-
defining condition or CD4 nadir <200 with higher
aggregate atherosclerotic vascular disease or a faster
progression of extracranial carotid atherosclerosis.*'?
Brain arterial (small and large) disease has been re-
ported in up to 76% of HIV-infected patients in a
large sample with stroke with median CD4 counts
>400 cells/mm? and CD4 nadir >200 cells/mm?,
whereas in samples with more overall severe immu-
nosuppression persistent at the time of stroke, the
prevalence of brain arterial disease falls to 30%.%'4
The lower prevalence of small and large artery disease
infarction in predominantly immunosuppressed sam-
ples is similar to the 25% reported in our sample,
where the majority of patients had CD4 count
<200 cells/mm? as well.

A second novel finding reported here is that the
only arterial measure associated with cryptogenic in-
farcts was an increased LWR. As we have documented
previously, a higher LWR implies relative thinning of
the wall or enlargement of the lumen that if extreme
may cause dilative arteriopathy.'” Dilation is a cardi-
nal feature of primary and secondary dolichoectasia
and may lead to infarction through mechanical trac-
tion of penetrating arteries, in situ thrombosis due to
stagnant flow, or intramural hemorrhage with

obliteration of penetrating arteries.””' HIV vasculop-
athy is a form of secondary dolichoectasia, and, except

5617 we know no reliable

for the clinical context,
method to distinguish it from other forms of doli-
choectasia. HIV vasculopathy is a diagnosis of exclu-
sion and it accounts for roughly one-fifth of stroke
cases in HIV, although its prevalence is probably
higher in patients with severe immunosuppression.®
In this sample, dolichoectasia was more common
among those who had HIV for longer periods of time
and those who died with unsuppressed viral loads. A
thicker media was inversely associated with the pres-
ence of dolichoectasia in this sample and thus con-
firms earlier observations that a thinner media may be
a preclinical stage in the development of HIV vascu-
lopathy.”” Smoking was independently associated
with dolichoectasia in this sample. Since smoking is
higher in the HIV population than in non-HIV con-
trols, smoking may play an important role in the
development of HIV vasculopathy.'® A role for arte-
rial inflammation is plausible, as arterial specimens
from patients with HIV vasculopathy frequently dis-
close inflammatory infiltrates.'*!

Although we lack temporal evidence of acute arte-
rial disease (e.g., plaque rupture or in situ thrombosis
in the setting of dolichoectasia) causing an acute brain
infarct, the direct observation and thorough patho-
logic examination for alternative causes of infarcts in-
creases the likelihood that the arterial phenotypes
were linked causally to the brain infarcts. Further-
more, we did not make an effort to segregate brain in-
farcts with lacunar appearance from those attributed
to large artery disease because we considered both
pathologies as part of the spectrum of endothelial dis-
ease, as supported by research published by other
groups.”” The strengths of this report include its large
sample size, the systematic processing of arteries with
good reliable methods, as well as the comprehensive
antemortem characterization of HIV-positive individ-
uals carried out by the MHBB. The results from this
analysis should be interpreted with caution when
compared to the general population with HIV in
the United States and to that of other countries that
might not share the same demographics. A further
limitation includes the lack of biomarkers of remod-
eling that may be used to screen living individuals
with HIV and that could shed light into the patho-
physiology of atherosclerosis and dolichoectasia.
Additionally, although this report encompasses one
of the largest collections of brain arteries in donors
with and without HIV, it is still possible that we were
underpowered to confirm the statistical significance
of some of the associations reported.

We found that large brain arteries from donors
with HIV were more likely to have evidence of inward
remodeling. Inward remodeling progression leads to
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arterial stenosis and atherosclerosis, which in this
sample accounted for one-fourth of the brain infarcts
in HIV+ cases. Intracranial large artery atherosclero-
sis was more common among those with low nadir
CD4 count and higher CD4 counts at death, suggest-
ing a role for the immune system in the development
of atherosclerosis. Outward remodeling, expressed as
a higher LWR, was the only arterial phenotype asso-
ciated with cryptogenic infarcts. Dolichoectasia, an
extreme manifestation of outward remodeling, was
more common among patients with a protracted
HIV infection and with high viral loads at death.
Thinning of the media may be a prerequisite to fur-
ther dilation of the vessels. Studying the mechanisms
underlying these divergent arterial phenotypes may
offer novel insights into brain arterial remodeling
leading to stroke in the general population and in
particular among those with HIV.
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Quality CME. Expert Faculty. Improved Patient Care.

Register Today for the AAN Fall Conference!

Register today for the 2015 AAN Fall Conference, set for October 16 through 18 at The Cosmo-
politan of Las Vegas. Learn from expert faculty as they present the latest clinical and practice man-
agement advances to help you stay current, provide the best patient care, and keep your practice
thriving—all while earning up to 18.75 CME in three days! New for 2015—four courses now
qualify for self-assessment (SA) CME (get up to 15 SA credits total).

Early registration and hotel discounts end September 10. Visit AAN.com/view/Fall to learn more
and register today.

How Do YOU Compare? Access New Neurology
Compensation and Productivity Report

The AAN’s 2015 Neurology Compensation and Productivity Report is now available. Based on data
from more than 1,300 neurologists and neurology practice managers, this is the most recent and
reliable information on the neurology profession.

The Neurology Compensation and Productivity Report is a powerful, versatile tool that can help you:

e Compare and customize your individual practice-related data with your colleagues at national
and local levels

e Determine if you are being paid fairly relative to your peers

e Use the data in contracting with payers and demonstrating your value

e Discover fair market value based on your subspecialty, region, and practice type
o Create charts and graphs and download them right to your desktop

o Assess patient and practice management principals and implement efficiencies that ultimately
can help improve the quality of patient care

Learn more at AAN.com/view/2015NeuroReport.
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