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SUMMARY
What is known and Objective—Cancer chemotherapy-associated cognitive impairments
(termed ‘chemo-fog’ or ‘chemo-brain’), particularly in memory, have been self-reported or
identified in cancer survivors previously treated with chemotherapy. While a variety of deficits
have been detected, a consistent theme is a detriment in visuospatial working memory. The
parietal cortex, a major site of storage of such memory, is implicated in chemotherapy-induced
damage. However, if the findings of two recent publications are combined, the (pre)frontal cortex
might be an equally viable target. Two recent studies, one postulating a mechanism for ‘top-down
control’ of working memory capacity and another visualizing chemotherapy-induced alterations in
brain activation during working memory processing, are reviewed and integrated.

Comment—A computational model and the proposal that the prefrontal cortex plays a role in
working memory via top-down control of parietal working memory capacity is consistent with a
recent demonstration of decreased frontal hyperactivation following chemotherapy.

What is new and Conclusion—Chemotherapy-associated impairment of visuospatial working
memory might include the (pre)frontal cortex In addition to the parietal cortex. This provides new
opportunity for basic science and clinical investigation.
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WHAT IS KNOWN AND OBJECTIVE
A chemotherapy-associated cognitive impairment (1) has been reported since at least the
early 1980s (2). Patient-volunteered and clinical identification of cognitive changes after
high-dose adjuvant therapy for breast cancer prompted a systematic evaluation that resulted
in the assessment that “… the risk of cognitive impairment is substantially increased for
patients who receive high-dose chemotherapy when compared with patients in the control
group and when compared with the patients in the standard-dose chemotherapy group” (3).
The terms ‘chemo brain’ and ‘chemo fog’ were applied to the nonspecific, primarily
memory-related, cognitive impairments (4); the term ‘chemotherapy-induced cognitive
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impairment’ was introduced to suggest a causal link; and the term ‘chemotherapy-associated
cognitive impairment’ (CACI) takes a more middle position.

Although there are exceptions (e.g., see (5)), one of the most often identified cognitive
domains reported to be impaired in CACI is memory (see review by Raffa et al. (4) and
more recent studies (e.g., (6); (7-9)), including visuospatial working memory (vsWM) — the
ability to retain and manipulate information during brief tasks. This type of memory is
distinct from short-term memory, which is associated primarily with the hippocampus. In
vsWM, there is co-activation of neural activity in the intraparietal sulcus (IPS) in the
posterior parietal cortex and with the dorsolateral prefrontal cortex (dlPFC) (10-13). The
extent of participation of the dlPFC to the storage, as opposed to some important, but
separate, function of vsWM, such as enhancement of attention or filtering out distractions
(14), has been a matter of some debate (15); (16); (17); (18). The generally prevailing
current view is that the IPS is the main storage site of vsWM and that the dlPFC might
provide neural ‘top-down control’ on the IPS (10, 19-21).

Edin et al. (22) have proposed that a major role of the dlPFC in vsWM is to boost the
memory capacity of the IPS. They formulated this hypothesis in a computational model that
incorporates both the IPS and dlPFC in vsWM storage. Using physiologically-realistic
parameter values, the model suggests that the normal balance of excitatory and inhibitory
neuronal activity within the IPS network (intrinsic input) limits vsWM capacity. However,
the model predicts that at high cognitive loads excitatory activation of the IPS from the
dlPFC (extrinsic input) counteracts capacity-limiting intrinsic inhibition. This results in
functional boosting of IPS memory capacity, and hence of vsWM.

If the model is correct that extrinsic input from activation of the dlPFC enhances vsWM
(22), then anything that significantly impairs dlPFC activation should impair IPS memory
storage capacity and be manifested clinically as an impaired vsWM such as seen in CACI. A
report that breast cancer chemotherapy negatively impacts frontal lobe activation has
recently been published (23). The results of Edin et al. (22) and McDonald et al. (23) are
here summarized and it is postulated that chemotherapeutic agents might transiently or
permanently inhibit normal dlPFC top-down enhancement of memory storage capacity in
the IPS and result in impaired vsWM.

COMMENT
Model of top(dlPFC)-down(IPS) control

The simulation model used by Edin et al. (22) was based on a cortical network model of
synaptic connections and network dynamics underlying vsWM that was previously
developed (24). The model included the dlPFc and the IPS. Within the IPS, a neural network
was modeled as 1,024 excitatory and 256 inhibitory cells (‘E cells’ and ‘I cells’,
respectively) and incorporated operational features such as neuronal synapses of excitatory
and inhibitory neurotransmitters, including AMPA (α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid), NMDA (N-methyl-D-aspartate), and GABA (γ-amino-butyric
acid). Based on the findings from a multiple-electrode cross-correlation analysis of vsMN in
monkey prefrontal cortex (25), adjacent and nearby cells were given a relatively stronger
influence (interaction) and distant cells a relatively weaker influence. The corresponding
relevant excitatory and inhibitory neurotransmitters were used: E cell → E cell (AMPA &
NMDA); E cell → I cell (AMPA & NMDA); I cell → E cell (GABA); and I cell → I cell
(GABA). Details are available (22, 24, 25). The model was adapted to vsWM and an
equation was derived relating mneumonic firing rate, r, to vsWM load, Λ, which in
condensed form is (22)
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(1)

where f is the neuronal input-output function relating rates to synaptic input; G+ and G− are
the connection strength between neurons coding for the same (stimulatory, G+) and different
(inhibitory, G−) stimuli; and IX is external input. Note that as mneumonic load increases,
inhibitory input (G−) to the network increases until at some load the capacity is exceeded —
which is consistent with what is known about vsWM. From equation [1], it is possible to
find a ‘capacity equation’ (22)

(2)

where H(IX) is the effective connection strength at capacity. It was straightforward then to
derive an upper limit (UL) for capacity (cap) as (22)

(3)

where ω is the size of a neural population that codes for one item relative to the entire
network. The model matches with experimentally measured capacity and suggests that
inhibition can be a major mechanism limiting vsWM capacity of the IPS (to 2 – 7 items).

Chemotherapy-induced altered brain activation during vsWM
The early electrophysiological and neuroimaging studies related to CACI were previously
reviewed (1). Two of the studies are especially relevant to the present topic. One study (26)
found that 60 year-old monozygotic twin sisters with minimal differences in their
standardized neuropsychological tests differed significantly with respect to cognitive
complaints (chemotherapy-treated sister >> cancer-free sister). fMRI revealed much broader
activation in WM circuitry in parietal and frontal regions of the chemotherapy-treated twin
than in the cancer-free twin. In the other study (27), it was concluded that greater
recruitment of frontal cortex is involved when chemotherapy-treated patients perform a
functional memory task.

The recent publication of McDonald et al. (23) provides fMRI evidence of the alterations in
brain region activation during WM processing. This was a prospective longitudinal study of
women diagnosed with noninvasive (stage 0) or non-metastatic invasive breast cancer
(stages I to IIIA) (mean ages 50.5 – 52.9 years) and healthy controls. The patients were
divided into those, designated CTx+, that were treated with standard-dose chemotherapy
regimens (doxorubicin/cyclophosphamide/paclitaxel, N = 11; docetaxel/doxorubicin/
cyclophosphamide, N = 2; or doxorubicin/cyclophosphamide, N = 3) and those, designated
CTx−, that did not receive chemotherapy. All participants underwent fMRI scanning during
a WM task (see (23) for details) at baseline (after surgery, but prior to chemotherapy), 1
month after chemotherapy, and 1 year later (or at yoked intervals for CTx− and controls). At
baseline, the patients had “… significantly increased frontal and parietal activation
compared with controls”. A month after initiation of chemotherapy or anti-estrogen
regimens, “hyperactivation” in frontal lobe regions decreased compared to controls. The
activation returned to approximately baseline levels in some frontal lobe regions, but
remained low in others. There were no significant between-group differences in
psychosocial factors such as mood, anxiety, or fatigue.

Raffa Page 3

J Clin Pharm Ther. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



WHAT IS NEW AND CONCLUSION
‘Chemotherapy-associated cognitive impairment’ describes a panorama of usually mild to
moderate transient or persistent deficit in attention, concentration, language skill, or
executive function (such as multitasking and ability to organize information) following
treatment with chemotherapeutic agents (for overviews, see Raffa et al. (4) and Raffa &
Tallarida (1)). Some of the earliest and most common descriptors included in lists of patient
self-reports or provider/family observations are terms such as ‘visuo-spatial’ (e.g., (28, 29)),
‘visuo-motor’ (e.g., (30)), or ‘visual memory’ (e.g., (31)). Each of these contributes to
impairments in visuospatial working memory. An effect on the visual system might also be
involved ((1)). Other types of memory are also impacted, such as short-term memory; for
example, 5-fluorouracil (5-FU) (32), methotrexate (33), and cyclophosphamide (34) have
deleterious effects on hippocampal cells.

WM capacity, the maximum number of items that can be transiently stored in WM, is an
important component in general cognitive abilities and the IPS is generally believed to be a
major site of storage of vsWM in humans (19-21, 35-37). Edin et al. (22) have proposed a
mechanistic model for top-down control by the dlPFC of vsWM capacity. Their model
accurately accounts for known features and limitations in human vsWM. An intriguing
finding is that excitatory inputs from the dlPFC onto IPS neuronal networks counteract
capacity-limiting inhibitory interactions between stored memories within the IPS and allow
higher vsWM capacity. fMRI data from the study support the idea that enhanced functional
coupling between dlPFC and IPS during high vsWM load boosts performance.

So it seems that excitatory PFC input can boost IPS capacity, particularly when IPS capacity
is stressed. It would seem, then, that if the reverse happened, that is, if a functional coupling
between dlPFC and IPS was disrupted, there would be a relative decrease in vsWM
capacity.

Direct evidence for this hypothesis appears to have been provided by the recent
neuroimaging (fMRI) study published by McDonald et al. (23) as described above. In the
study, chemotherapeutic regimens altered activation within typical WM circuitry and the
authors suggested a “… greater vulnerability of frontal regions to treatment effects,
particularly chemotherapy”. Of particular note were the findings that: the patients had
abnormally high frontal lobe activation at baseline, frontal activation was reduced at one
month (M1) after chemotherapy, and there was partial return to baseline at one year (Y1)
after therapy:

• The abnormally high baseline activation in frontal regions suggests that the patients
were compensating for reduced parietal storage capacity with increased excitatory
input from the frontal cortex. This is consistent with previous findings of a greater
recruitment of frontal cortical tissue when chemotherapy-treated patients are asked
to perform a memory task (27). In this situation, it appears that functional
performance compensation mirrors dlPFC top-down compensation.

• That frontal activation was decreased at M1, rather than the same or increased over
baseline in an effort to compensate for the increased load, suggests that damage in
this region contributes to CACI decrement in WM.

• The partial return of activation to baseline at Y1 corresponds to the self-reports and
clinical observations of partial recovery of functional vsWM with time.
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Conclusion
A mechanism for dorsolateral prefrontal cortex (dlPFC) → intraparietal sulcus (IPS) top-
down control of visuospatial working memory (vsWM) has been proposed by Edin et al.
(22). According to the model, inhibitory influences on IPS vsWM capacity, particularly
under high load conditions, is counteracted by excitatory input from the dlPFC. The present
communication supposes that the opposite might also be true: interruption of the top-down
control might contribute to vsWM deficits described in chemotherapy-associated cognitive
impairment (CACI). This supposition is supported by a very recent publication by
McDonald et al. (23), which found common chemotherapeutic treatment regimens decrease
activation of frontal brain regions involved in the vsWM network circuitry. The seemingly
reasonable conclusion is that at least some symptoms of CACI, particularly those involving
vsWM, result from deleterious effects on frontal brain regions and resultant diminution of
top-down dlPFC → IPS enhancement of vsWM capacity. This construct might provide
additional insight into the neural substrates of CACI and suggest novel treatment strategies.
Since the major neurotransmitters and receptors associated with this network are related to
GABA and glutamate (NMDA, AMPA), there might be a possible role for GABAergic and/
or glutamatergic agents for prophylaxis or management of CACI.
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Fig 1.
An example of activation of human fronto-parietal networks (visualized by fMRI scan)
during working memory tasks. From Habel et al. (13) with permission.
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