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Abstract 

Cerebral reserve capacity (or functional reserve) refers to the brain’s ability to maintain function when confronted by degenerative 
processes. Functional reserve can be estimated by several associated measures, including premorbid brain size, premorbid IQ, and level 
of education attained. There is accumulating evidence that the magnitude of reserve capacity is important in determining the onset and 
progression of the clinical manifestations of neurodegenerative brain diseases. Normal aging also whittles away at this cerebral reserve, 
and there may be a consequent unmasking of morbid effects that was not clinically evident when this compensatory reserve was sufficient. 
We review the evidence supporting this model for a number of degenerative brain processes, including Alzheimer’s disease, presenile 
dementia, HIV dementia, aging, and chronic (multiyear) substance abuse. The concept of cerebral functional reserve has important 
implications for alcohol and drug abuse morbidity. First, given the high genetic contribution to substance abuse, there is an increased 
likelihood that the parents of substance abusers were substance abusers themselves. Substance abuse during pregnancy can inhibit brain 
growth, resulting in reduced brain size and reduced reserve capacity (and therefore less ability to compensate for loss of function later 
in life). Second, substance abuse is often coupled with poverty, and both substance abuse and poverty are associated with some of the 
same conditions that reduce brain growth. Finally, we comment on the most important public health implication of the cerebral reserve capacity 
model (vis-his addiction). 0 2004 Elsevier IRC. All rights reserved. 
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1. The brain functional reserve model 

The model of a cerebral functional reserve (or reserye 
capacity) that influences the time of onset and the clinical 
progression of neurodegenerative diseases has solidified 
over the past two decades. Reserve capacity refers to the 
concept that the larger premorbid brain has a greater number 
of neurons and synapses (assuming the same neuronal and 
synaptic density among individuals) (Haug, 1987). This 
“extra” capacity acts as a functional reserve, ameliorating 
cognitive decline in the face of neurologic insult or disease. 
This simple model, wherein larger premorbid brains are asso- 
ciated with greater brain reserve capacity, does not hold 
across the entire human population, but, rather, holds within 
populations in which brain structure and function are rela- 
tively homogeneous. For example, it does not hold across 
sexes. Therehave been a number of studies whoseresults have 
revealed fundamental sex differences in the structure of 
the human cerebral cortex that may underlie specific abilities 
and susceptibilities to diseases affecting the neocortex (Rabi- 
nowicz et d., 1999, 2002; Reiss et al., 1996). These differ- 
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ences may also affect reserve capacity and its ability to 
ameliorate the effects of disease. The brain reserve capacity 
model is likely to hold within relatively homogeneous popu- 
lations in which individuals reach different brain sizes be- 
cause of genetic factors, and the achievement of full brain 
growth can be retarded by untoward influences, such as 
disease, trauma, or malnutrition. 

The functional reserve hypothesis was first introduced 
by Katzman et al. (1988) in a postmortem investigation 
of Alzheimer’s disease. They studied 137 nursing home 
residents and found 10 individuals whose autopsy revealed a 
quantity of neocortical plaques comparable to that observed 
in patients with Alzheimer’s disease, but whose cognitive 
performance was comparable to that of control subjects (non- 
demented subjects without Alzheimer’s disease or other 
brain lesions). In addition, the brain weights and number of 
large neurons in these cognitively normal patients with high 
quantity of plaque were significantly greater than those of the 
control group. Katzman et al. concluded that these clinically 
healthy individuals with high quantity of plaque had incipi- 
ent Alzheimer’s disease, but were cognitively intact because 
of a greater neuronal reserve associated with their larger 
than average brains. 

Mori et al. (1997), in a magnetic resonance imaging 
(MRI) study of 60 patients with probable Alzheimer’s dis- 
ease, found that many of the cognitive abilities tested were 
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significantly and positively correlated with p remo~id  brain 
volume, and that these associations were independent of the 
effects of age, sex, and education level. Mori et al. concluded 
that premorbid brain volume was a determinant of reserve 
capacity, and they postulated a threshold concept @e., that 
dementia emerges after the exhaustion of this reserve). 
Graves et al. (1996), in a population-based study of 1,985 
Japanese-Americans aged 65 years and older who resided 
in King County in Washington state, examined the relation 
between head circumference (Le., premorbid brain size, be- 
cause skull growth is driven by brain growth) and scores on 
the Cognitive Abilities Screening Instrument. Among people 
with Alzheimer’s disease (after controlling for age, sex, and 
education level), there was a strong negative association 
between head circumference and the severity of cognitive 
impairment. They o b m e d  that persons with both Alzhei- 
mer’s disease and a small premorbid brain suffered either 
an earlier onset or a more rapid clinical progression of the 
disease than those with a larger premorbid brain. 

Schofield et al. (1995) showed that the age of onset of 
Alzheimer’s disease was correlated with premorbid brain 
size in a computerized tomography study of 28 female pa- 
tients with probable Alzheimer’s disease. They hypothesized 
that cognitive abilities stayed within the greater reserve ca- 
pacity associated with larger brains for a longer period, 
thereby delaying the onset of dementia. Bigio et al. (2002) 
examined synaptic loss in presenile versus senile-onset Alz- 
heimer’s disease. They found that synaptic loss (i.e., lower 
synaptophysin levels) was greater, neuritic plaque counts 
were higher, more neurofibrillary tangles were present, and 
brain weight was lower in younger versus older individuals 
with Alzheimer’s disease. Assuming that normal aging 
causes a loss of synapses, there are more synapses in the 
brains of persons in their fifth and sixth decades than in 
the brains of persons in their seventh and eighth decades. 
“Assuming next that some unknown ‘threshold‘ of syn- 
apses must be reached before cognitive impairment occurs, 
then more synapses must be lost at earlier ages to reach 
that threshold and produce disorders suchas AD [Alzheimer’s 
diseasey (Bigio et al., 2002, p. 225). 

Cabeza et al. (2002) examined the role of functional 
reserve in high-performing older adults. Noting that some 
older adults show significant cognitive deficits whereas others 
perform as well as young adults, they investigated the neural 
bases of these different patterns of age-related cognitive 
performance using positron emission tomography. Their 
study was designed to test two opposing models of prefrontal 
cortex activity, which tends to be less asymmetric in older 
than in younger adults [see reviews by Cabeza and Nyberg 
(2000) and Fletcher and Henson (2001)l. The less asymmet- 
ric use of prefrontal cortex in older adults may help counter- 
act age-related neurocognitive decline (the compensation 
model) by recruiting additional brain regions to help with 
performance. In the dedifferentiation model, it may reflect 
an age-related difficulty in recruiting specialized neural 
mechanisms. Cabeza et al. compared the compensation 

model to the dedifferentiation model by measuring prefrontal 
cortex activity in younger adults, low-performing older 
adults, and high-performing older adults. They assessed.sUb- 
jects during an easy and a more difficult memory task tecalt 
memory (the simplest of memory tasks) arid some memory 
(Le., individuals must remember whether they heard or saw 
a stimulus). Source memory, compared with recall memory, 
was more highly associated with right prefrontal cortex acti- 
vations in younger adults. During the source memory task, 
low-performing older adults recruited similar right prefrontal 
cortex regions as the younger adults, but high-performing 
older adults engaged the prefrontal cortex regions bilaterally. 
These findings support the suggestion that low-performing 
older adults recruit a similar network as recruited by 
young adults, but they use it inefficiently. In contrast, high- 
performing older adults counteract age-related neural decline 
through the use of functional reserve (and plastic reorganiza- 
tion of neurocognitive networks). These results are consis- 
tent with the compensation hypothesis and inconsistent 
with the dedifferentiation hypothesis. 

Larger reserve capacity may improve the prognosis of 
neurodegenerative processes. Ernst et al. (2002) studied 
cognitively normal individuals seropositive for HIV versus 
cognitively normal individuals seronegative for HIV using 
functional MRI to look at a working memory task. The 
sample seropositive for HN showed a greater magnitude of 
brain activation in the lateral prefrontal cortex than observed 
for the sample seronegative for HN. This greater use was 
not present in other areas activated duriag the task. The 
sample seropositive for HIV also performed comparably to 
the sample seronegative for HIV on a battery of neuropsy- 
chologic tests. Ernst et al. suggested that the delayed appear- 
ance of the clinical manifestations of early injury to the 
prefrontal cortex neural substrate in the patients who were 
seropositive for HIV was due to recruitment of prefrontal 
reserve capacity. 

According to brain reserve theory, level of education 
attained is a likely derivative of functional reserve (i.e., 
individuals are more likely to attain a high level of education if 
their reserve capacity is high). Consistent with this statement, 
results of incidence studies of dementia have shown that low 
education level increases the risk of Alzheimer’s disease 
and other types of dementia (Cobb et al., 1995; Glatt et al., 
1996; Katzman, 1993). Low education level also increases 
the incidence of memory loss and other cognitive decline 
short of dementia p l u m  & Jarvik, 1974; Colsher & Wal- 
lace, 1991; Evans et al., 1993; Plassman et al., 1995; Scherr 
et al., 1988; Schmand et al., 1997; Snowdon et al., 1996). 
Satz (1993), in a review of functional reserve theory, sug- 
gests that intelligence is a more valid indirect measure of 
cerebral reserve than is education level. He argues that 
education attainment is co-determined by factors other than 
an individual’s capacity to learn (e.g., socioeconomic cir- 
cumstances), whereas intelligence more directly reflects ce- 
rebral reserve. Schmand et al. (1997) directly tested Satz’s 
hypothesis by studying individuals in the Amsterdam Study 
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of the Elderly, a population-based sample of 2,063 individu- 
als aged 65 through 84 years. They examined the association 
of the incidence of dementia with both education level and 
intelligence estimates (from the Dutch Adult Reading Test). 
They found that low estimated IQ scores predicted dementia 
incidence better than education did, consistent with the pre- 
dictions of functional reserve theory. 

Many investigators have documented the persistent cog- 
nitive deficits found as aresult of chronic (multiyear) alcohol 
or crack cocaine dependence [reviewed in Di Sclafani et 
al. (2002) and Fein et al. (199O)J. We and colleagues in our 
laboratory evaluated the relation of cognitive performance 
(using a battery of neuropsychologic tests) and premorbid 
brain size (using MRI to find the volume of the intracranial 
vault, which is an indirect measure of premorbid brain size) 
in individuals dependent on crack cocaine only (n = 19) or 
on crack cocaine and alcohol (n = 28) (Di Sclafani et al., 
1998). The intracranial vault volume accounted for 14.1% 
(P = .009) of the variance of the global clinical impairment 
score (a composite variable reflecting clinical cognitive im- 
pairment) in the combined substance-dependent sample 
(crack only-dependent and crack and alcohol-dependent). 
The intracranial vault volume also explained a significant 
proportion of the variance in all cognitive domains (attention, 
abstraction, spatial abilities, memory, learning, and reac- 
tion time). These effects became even larger after the vari- 
ance associated with peak cocaine dose (the only drug 
or alcohol use variable associated with the severity of 
neuropsychologic impairments) was removed. 

In summary, there is overwhelming evidence that the 
human brain uses its functional reserve to compensate for 
cerebral morbidity associated with diseases and aging. Clini- 
cal impairment arises as degenerative processes overwhelm 
this reserve capacity. This model is supported by results of 
small studies of clinical samples, population studies, and 
studies of exemplary cognitive performance in the elderly. 

2. Factors affecting functional reserve capacity 

Differences among individuals in brain size, which 
strongly affect reserve capacity, may entirely reflect normal 
variability among individuals. However, reduced brain size 
may also reflect the effects of a poor prenatal or early 
childhood environment on brain development. Individuals 
subjected to developmental insults (e.g., a significantly pre- 
term birth) or deprived of developmental aids to brain growth 
(e.g., a stimulating early childhood environment and ade- 
quate nutrition) are likely to develop smaller brains (Cole & 
Cole, 1993; Stoch et al., 1982). The consequent reduced 
reserve capacity is likely to exacerbate later cerebral mor- 
bidity (e.g., from the effects of substance abuse or even 
normal aging). 

Findings from many studies show that maternal addiction 
to cocaine, alcohol, or heroin during pregnancy has a long- 
term, deleterious effect on head (and therefore brain) size 

(Chasnoff et al., 1986; Day et al., 1994; Feng, 1993). A 
dose-response effect of maternal cocaine use on newborn 
head circumference has been documented (Bateman & Chiri- 
boga, 2000). Heavy prenatal alcohol exposure reduces 
region-specific brain growth through adolescence (Sowell 
et al., 1996). Even severe maternal psychosocial stress may 
reduce the head circumference of the newborn (Lou et al., 
1994). 

The consequences of reduced brain size at birth can follow 
an individual throughout his or her life. he-term, very 
low birth weight children show persistent ill effects in cogni- 
tive and school performance (Hack et al., 1996; Hack & 
Taylor, 2000). Even among full-term births, children born 
small for gestational age (Le., within the lowest 3% of gesta- 
tional length and weight) have school difficulties when tested 
at both 12 and 18 years of age (Larroque et al., 2001). 

3. Public health implications 

Developmental environments detrimental to brain growth 
are likely to exacerbate cognitive impairment because of 
later substance abuse. This association is part of a nexus 
of risk for the poor, because deficient prenatal care and early 
childhood malnutrition and psychosocial deprivation are 
often related to poverty. In the United States, female-headed 
households are the hardest hit. The poverty rates for these 
single mothers and their children (under 6 years of age) 
are 60.5% for Whites, 71.8% for Hispanics, and 73.1% for 
African-Americans (DiNitto, 1995). Moreover, poverty and 
substance abuse often affect the same inner-city populations. 
Not only are impoverished children less likely to possess ad- 
equate brain reserves to compensate for the effects of drug 
and alcohol abuse, they also struggle in an unstable and 
disadvantaged social structure. For example, given the high 
genetic contribution to substance abuse, there is a high likeli- 
hood that many drug and alcohol abusers have substance- 
dependent parents. This increases the probability of poor 
nutrition and (maternal) drug and alcohol abuse during preg- 
nancy, as well as for a less than thriving environment for 
the young child. The worst-case scenario is that these chil- 
dren, who already have inadequate cerebral reserves owing 
to a detrimental developmental environment, may complete 
the generational cycle by becoming substance dependent 
themselves. 

Finally, the functional reserve model has important impli- 
cations for the prognosis of the older alcohol- or drug-depen- 
dent individual. Aging may unmask cognitive impairments 
caused by earlier substance abuse in individuals who com- 
pletely recovered function with the attainment of abstinence 
by middle age. In multigenerational alcohol- or drug-depen- 
dent individuals, this now apparent cognitive impairment 
compounds the effects of their reduced reserve capacity. 
In such individuals, the dramatic “third strike” could be 
cerebrovascular disease (an increased risk in substance abus- 
ers), Alzheimer’s disease, or even (simply) the declining 
cognitive abilities associated with normal aging. 
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The public he.alth implications of the brain reserve capac- 
ity model for alcoholism and drug abuse are dramatic. They 
cry out that the morbidity of alcoholism or drug addiction 
cannot be viewed without considering the context in which 
it occurs. When alcoholism or drug addiction occurs in pov- 
erty or in multigenerational substance-abusing families, the 
morbidity is exacerbated. Public policy, treatment, and social 
services must take the issues raised above into account to 
be realistic and effective in addressing the problem of alcohol 
and drug abuse morbidity. 
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