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Estimating cerebral microinfarct burden

from autopsy samples

ABSTRACT

Objective: To estimate whole-brain microinfarct burden from microinfarct counts in routine postmor-
tem examination.

Methods: We developed a simple mathematical method to estimate the total number of cerebral
microinfarcts from counts obtained in the small amount of tissue routinely examined in brain autopsies.
We derived estimates of total microinfarct burden from autopsy brain specimens from 648 older
participants in 2 community-based clinical-pathologic cohort studies of aging and dementia.

Results: Our results indicate that observing 1 or 2 microinfarcts in 9 routine neuropathologic speci-
mens implies a maximum-likelihood estimate of 552 or 1,104 microinfarcts throughout the brain.
Similar estimates were obtained when validating in larger sampled brain volumes.

Conclusions: The substantial whole-brain burden of cerebral microinfarcts suggested by even a few
microinfarcts on routine pathologic sampling suggests a potential mechanism by which these lesions
could cause neurologic dysfunction in individuals with small-vessel disease. The estimation frame-
work developed here may generalize to clinicopathologic correlations of other imaging-negative
micropathologies. Neurology® 2013;80:1365-1369

GLOSSARY

Cl = confidence interval; DWI = diffusion-weighted imaging; MAP = Memory and Aging Project; ML = maximum likelihood;
ROS = Religious Orders Study.

Cerebral microinfarcts are defined as ischemic infarctions, located anywhere in the brain, identifi-
able by microscopic but not visual inspection.' In practice, these “invisible” lesions are typically
less than 1-2 mm in diameter, and therefore smaller than the 3—15 mm diameters characteristic of
lacunar infarcts.*> As a result, microinfarcts cannot be seen by either conventional structural
neuroimaging or gross evaluation of brain slices. They are instead most commonly detected by
microscopic examination of routinely selected brain sections,>® or possibly as small acute infarcts on
diftusion-weighted imaging (DWI) MRI.”® Despite their small size, microinfarcts appear to be
associated with dementia even after controlling for other neuropathologies (including macroscopic
infarcts),”® suggesting that microinfarct burden may be an important link between small-vessel
disease and cognitive impairment.

A crucial step in assessing the mechanism by which microinfarcts impact neurologic function is to
determine their total burden in the brain. Microscopic sampling of the entire brain is not feasible,
however. As a step toward overcoming this limitation, we present a simple method for estimating the
total number of microinfarcts in the brain based on lesion counts obtained from routinely selected
autopsy sections. Our findings suggest that the presence of even 1 or 2 microinfarcts in limited sam-
ples of brain tissue indicates a likely overall burden of hundreds of these small lesions.

METHODS Data for this study were obtained from brain samples of 648 deceased and autopsied participants of the Rush Religious
Orders Study and Memory and Aging project, 2 community-based clinical-pathologic cohort studies of aging and dementia (mean age
at death = 88.3 years, SD = 6.6; 222 men, 426 women).’ Details of recruitment, clinical evaluation, cognitive testing, and follow-up
have been reported previously.'"'” Briefly, the Memory and Aging Project (MAP) and Religious Orders Study (ROS) are ongoing

clinical-pathologic epidemiologic studies of aging and dementia in older persons. Persons 65 years and older without known dementia
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are enrolled from the community following group presentations
at established venues such as churches and senior centers as pre-
viously described.'®!” Participants consent to the study and agree
to brain donation at the time of death. There are no exclusion
criteria. Annual follow-up rates in both studies exceed 95% of
survivors in ROS and 90% in MAP. In MAP, there have been
453 autopsies out of 564 deaths (autopsy rate 80.3%) and in
ROS there have been 570 autopsies out of 606 deaths (autopsy
rate 94.0%). The 648 cases included in this work were consecu-

tive autopsy cases between January 2002 and March 22, 2011.

Standard protocol approvals, registrations, and patient
consents. The neuropathology studies were approved by the

institutional review board at Rush University Medical Center.

Neuropathology data. Our calculations were carried out using
the parameter values in table 1, which provides typical measurements
for the quantities required in the model. The average microinfarct
diameter was estimated from pathology specimens using the method
explained in appendix e-1 on the Neurology® Web site at www.neu-
rology.org. The numbers of microinfarcts found in 648 cases are
shown in table 2. Because the blocking procedures changed during
the course of these studies, we used only subjects who died in or after
2002 to ensure uniformity of block collection across the 2 studies.
Brains were removed, fixed in 4% paraformaldehyde, and reviewed
and blocked after fixation as previously described.® Blocks were col-
lected from 9 predetermined sites including midfrontal cortex, mid-
dle/superior temporal cortex, inferior parietal cortex, cingulate cortex,
hippocampus, entorhinal cortex, anterior basal ganglia, anterior thal-
amus, and midbrain. Block dimensions are approximately 1 X 2 X
1/4 inches. A single 6-M section from each block was placed on a
slide for review, and old microscopic infarcts were identified using
hematoxylin & eosin stain by finding cavitation, puckering, or dis-
crete regions of pallor with cell loss and surrounding gliosis. In addi-
tion, to estimate the average size of microinfarcts, we randomly
sampled the areas of microinfarctions from 14 cases with 21 infarcts
and estimated the diameter of the smallest detectable microinfarct

profile to be ~85 wM (see appendix e-1).

In-depth examination of 2 cases. In 2 cases, we performed
more extensive sampling across the brain (23 regions) and included
deeper sections within specific blocks of tissue (i.c., midfrontal and
basal ganglia). In case 1, we examined a total of 80 slides, including
sections from superior frontal cortex (2), midfrontal cortex (26),
motor cortex (2), anterior cingulate cortex (3), middle temporal cor-
tex (1), inferior temporal cortex (2), inferior parietal cortex (1), pos-
terior parietal cortex (2), angular cortex (2), precuneus cortex (2),
calcarine cortex (2), centrum semiovale (2), anterior basal ganglia
(17), ventromedial caudate (2), posterior putamen (2), hippocampus
(4), entorhinal cortex (1), amygdala (1), anterior thalamus (1), mid-
brain (2), pons (2), and cerebellar cortex and dentate (1). In case 2,

we examined the same regions listed above plus 10 additional

[ Table 1 Parameter values used in the model ]
Quantity Symbol Value
Microinfarct diameter (average) d 246 um (range 85-725)
Tissue sample thickness @ 6 pm
Tissue sample width b 1 inch (25,400 pwm)
Tissue sample length a 2 inches (50,800 um)
Total brain volume Vr 1,500 cm?3
Number of microinfarcts detected k 2 (range 1-9)
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sections from midfrontal cortex, 1 from hippocampus, and 8 from

basal ganglia, for a total of 99 slides reviewed from 23 regions.

Analytic method. Our estimation method is based on a modifi-
cation of the solution to the classic Buffon needle problem,'®"
which analyzes the probability that a needle dropped onto a lined
paper will intersect a line. We make the following simplifying
assumptions regarding microinfarcts: 1) they are spherically shaped,
with a characteristic diameter, 4; 2) they are uniformly distributed
throughout the total brain volume; 3) they are small enough to be
considered “point particles” relative to the total volume of the brain
(although we do allow for brain sections to intersect a microinfarct
at any point in its sphere, we neglect the possibility that 2 micro-
infarcts might overlap spatially).

With these assumptions in mind, consider the schematic in
appendix e-1: figure e-2. A tissue sample is represented as a rectan-
gular box having length 4, width 4, and thickness ¢. Given the
assumption of spherical shape, the microtome could transect the
microinfarct at any point between its center and the tangential edge;
that is, it will be detectable within a microtome section if its center
point lies within a distance @/2 or less from any surface of the
rectangular box, assuming that a circle of any radius within the
sectioning plane can be reliably seen. More realistically, there is
a minimum detectable diameter, estimated to be approximately
80 pm based on the smallest microinfarct measured in a represen-
tative survey of identified lesions (see above, and appendix e-1).
This implies that microinfarct centers must actually be slightly
closer to the microtome section surface to be detectable, i.e., the
distance can be no more than 4'/2 = y/(d/2)*—(80/2)%.
We can therefore specify a detection volume (V) surrounding
the rectangular box representation of the pathology specimen, by
adding the sphere diameter dimension to each edge, such that
Vi=(a+d)X(b+d)X(c+d). Given N such detection
volumes obtained in a given autopsy, the total detection volume of
brain sampled is V; = N X V. The probability of detecting
a single microinfarct within the total brain volume V7, given
our assumption that the microinfarcts are uniformly distributed
throughout the brain, is p = Vs/ V7. Finally, for any given total
number of microinfarcts in the brain, M, the probability of detect-

ing /4 of these in our sample is given by the binomial distribution:
M _
pteinn) = ()t

In this equation (the likelihood function), £ represents the actual
number of microinfarcts observed in the examined tissue samples
and M represents the total number of microinfarcts in the whole
brain, an unobserved quantity to be inferred. We can obtain a rea-
sonable range of values for M by letting it vary and secing which
values are consistent with the observed data at or above a suitably

chosen probability level.

RESULTS To illustrate the concept underlying our
analysis, consider a case in which one observes 2
microinfarcts in standard limited pathology sampling
(9 sections, each 6 pm thick, accounting for 5 one-
thousandths of 1% of total brain volume) and would
like to infer the potential plausible values of total brain
microinfarct burden. Figure 1 addresses this question
by showing the probability of observing 2 microinfarcts
(£ = 2 in the binomial distribution formula), as a func-
tion of a range of total number of microinfarcts in the
brain, M. The remaining parameters used in the gen-
eration of this plot are shown in table 1. As an estimate



Table 2 Numbers of cerebral microinfarcts in 648 cases (sampling 9 sections from each case), and maximum
likelihood estimate of total microinfarct burden
No. microinfarcts
0 1 2 3 4 5 6 7 8 9
No. cases 475 111 42 11 7 1 0 0 0 1
% Cases 7330 1713 6.48 1.70 1.08 0.15 0.0 0 0 0.15
Maximum likelihood estimate 0 552 1,104 1657 2209 2,761 3314 3866 4419 4971

of the range of plausible values for the total microinfarct
burden, we consider the values of M for which the
probability of observing 2 microinfarcts is >5%. This
range is shown in the figure as the lightly shaded central
region of this skewed bell-shaped curve, corresponding
to approximately 212 to 3,217 microinfarcts, with a
maximum likelihood (ML) estimate of 1,104 lesions.
We can generalize this inferential method across the
range of typical numbers of microinfarcts observed in
pathology samples (table 2). Figure 2 shows the ML
estimate of the total number of microinfarcts vs the
observed number of infarcts (solid line), i.e., the value
of M with the maximal/peak probability for a given
value of the observed number of microinfarcts in the
examined tissue samples, 4. When tissue samples con-
tain between 1 and 9 microinfarcts, this leads to ML
estimates for total burden between roughly 552 and
4,971 microinfarcts. We also note that failure to detect
any microinfarcts in routine pathologic specimens is
still compatible, with a >5% probability of up to
1,653 microinfarcts hiding within the remaining
unsampled brain. As expected, the width of the con-
fidence intervals around the estimates of total brain

microinfarct decreases when larger numbers of slides
are examined (see appendix e-1: figure e-5).

We tested the plausibility of these estimates by ana-
lyzing the numbers of microinfarcts in larger volumes
of brain tissue taken from 2 cases, using 2 different
approaches. In the first approach we compared esti-
mates of whole-brain microinfarct burden from routine
9-section postmortem examination with estimates based
on the larger examined volumes. In case 1, we examined
a total of 80 tissue sections (approximately 0.6 cm? of
tissue) and found 21 microinfarcts, yielding a predicted
total number of cerebral microinfarcts of 1,305 (90%
confidence interval [CI] 1,029-1,626). In case 2, we
examined 99 samples (approximately 0.8 cm®) and
found 13 microinfarcts, yielding an estimated total brain
microinfarct burden of 652 (90% CI 452-905). Both
values were within the range estimated from typical
numbers of microinfarcts found by more limited rou-
tine postmortem neuropathologic examination (table 2);
i.e,, 1-3 microinfarcts within 9 sections predicts 552~
1,657 (90% CI 30-3,905) throughout the brain.

In the second approach, we compared the total
microinfarct counts in the 2 larger volumes with the

[ Figure 1 Probability of 2 microinfarcts on routine postmortem examination vs total brain burden ]
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Probability of finding 2 microinfarcts in routine pathologic examination of 9 microtome sections, as a function of the total
number of microinfarcts randomly distributed throughout the brain volume, calculated using values from table 1. The light
gray region (between 212 and 3,217 microinfarcts) contains values for which the probability exceeds 5%.

Neurology 80 April 9, 2013 1367



Figure 2
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numbers predicted for those samples based on typical
counts in routine 9-section sampling. The typical obser-
vation in our study of 1-3 microinfarcts in 9 routine
sections predicts that we should observe 8-26 (90% CI
1-61) microinfarcts among 80 sections (in 0.6 cm?),
compatible with the actually observed value of 21 in case
1. In case 2, the same extrapolation process predicts
10-32 (90% CI 1-76) microinfarcts among 99 sections
(in 0.8 cm?’), again in reasonable agreement with the
13 microinfarcts that we actually observed. Both
approaches thus support the validity of the estimates
obtained from typical numbers of microinfarcts among
9 routine sections for predicting the range of microin-
farcts present in the brain as a whole.

DISCUSSION The key conclusion from this analysis is
that observing even one or two microinfarcts in rou-
tinely sampled sections of brain may indicate the pres-
ence of hundreds to thousands of these lesions in the
entire brain. These estimates would make microinfarcts
the most highly represented type of brain infarction,
easily exceeding estimates for the total brain number
of grossly visible lacunar infarcts (on the order of
1-15 per brain?) or larger infarcts. We have heard a
lead investigator of the Honolulu-Asian Aging Study?
remark about the implications of microinfarcts that
“finding one cockroach in your kitchen means there
are hundreds in your wall’—our analysis suggests this
is an apt metaphor for these lesions. The likely presence
of hundreds of distributed small infarctions suggests a
potentially direct role for these lesions in causing neuro-
logic dysfunction in individuals with small-vessel disease,
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a possibility further supported by clinical-pathologic
correlation studies linking these 2 findings.>

Given the simplifying assumptions used in our
analysis, the estimates of cerebral microinfarct burden
should be viewed as tentative. First, the assumption
that microinfarcts are spherically shaped is a crude
approximation, and exceptions, e.g., linear or triangu-
lar profiles, are probably common.? Nevertheless,
deviations of the observed microinfarct profile shapes
from their hypothetical counterparts considered in
our analysis are not expected to greatly affect the final
estimates of microinfarct detectability or total micro-
infarct burden (see appendix e-1). A more significant
potential source of estimation error is the assumption
that microinfarcts are uniformly distributed through-
out the brain, which may lead to either overestimates
(if microinfarcts preferentially cluster near the 9 pre-
determined sites included by our current sampling
procedures) or underestimates (if microinfarcts are
more abundant in nonsampled regions) of the total
microinfarct burden. Similar problems of over- or
underestimation might result if microinfarct sizes sys-
tematically vary in ways not captured by our limited
samples, e.g., if larger or smaller microinfarcts tend to
be in regions not sampled. Further, if microinfarcts
tend to cluster together rather than occurring inde-
pendently, this would also tend to undermine our
analysis, since finding a single lesion might imply a
few neighboring microinfarcts without necessarily
implying a large number throughout the remaining
brain. Indeed, our qualitative impression from neu-
ropathologic sampling is that microinfarcts tend to be
more prevalent in some brain regions, particularly in
the basal ganglia and cortex, and thus the simplifying
assumption of uniform distribution is likely incorrect.
It is nonetheless reassuring that 2 methods of validat-
ing our estimates—comparing the estimates from 9
sections to those obtained from more extensive tissue
sampling and comparing the predicted to the empir-
ically observed number of microinfarcts within the
more extensively sampled tissue—Dboth supported
the approximate accuracy of the estimates from the
routinely sampled sections.

Another line of indirect evidence supporting our
estimate of hundreds of microinfarcts per brain is pro-
vided by the very high incidence of asymptomatic
hyperintense lesions observed by DWI-MRI in
patients with small-vessel disease.”®?'2* These neuro-
imaging results are subject to their own potential for
overestimation or underestimation, however, such as
DWI-MRUI’s limited spatial (approximately 1 to 2 mm
diameter) and temporal (within days of acute infarc-
tion) resolution. Our estimates of total microinfarct
burden will therefore ultimately require systematic
(and labor-intensive) sampling of entire brains using
modern stereologic techniques.?* Because microinfarcts



depend on vascular and other risk factors, these studies
should be performed in a range of brains from persons of
different ages, risk factors, and cognitive strata and with
attention to the specificity and sensitivity of special stain-
ing methods for microinfarct pathology.

If confirmed by further histopathologic studies,
the high estimated total microinfarct burden described
here would support the hypothesis that these lesions
are major contributors (rather than simply surrogate
markers or bystanders) to small-vessel disease—related
cognitive impairment. Estimating this burden may
provide a mechanism for quantitatively assessing the
extent to which variance in clinical impairment is
attributed to this potentially important form of
neuropathology.
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