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Abstract

Objective: Unawareness of a deficit, anosognosia, can occur for visual or motor deficits and
lends insight into awareness itself; however, lesions associated with anosognosia occur in many
different brain locations.

Methods: We analyzed 267 lesion locations associated with either vision loss (with and without
awareness) or weakness (with and without awareness). The network of brain regions connected to
each lesion location was computed using resting-state functional connectivity from 1000 healthy

subjects. Both domain specific and cross-modal associations with awareness were identified.

Results: The domain-specific network for visual anosognosia demonstrated connectivity to
visual association cortex and posterior cingulate while motor anosognosia was defined by insula,
supplementary motor area and anterior cingulate connectivity. A cross-modal anosognosia network
was defined by connectivity to the hippocampus and precuneus (false discovery rate p<0.05).
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Interpretation: Our results identify distinct network connections associated with visual and
motor anosognosia and a shared, cross-modal network for awareness of deficits centered on
memory-related brain structures.
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Introduction

Methods

Anosognosia, or unawareness of a specific deficit, has been described for many brain
functions including motor and visual abilities.1~3 The most commonly reported cause of
motor anosognosia, unawareness of weakness, is a right hemispheric stroke, often of the
right middle cerebral artery.* > Some studies suggest that motor anosognosia is primarily a
disconnection syndrome of premotor regions (e.g. supplementary motor area) from attention/
body-monitoring regions (insula, ventral prefrontal cortex and cingulate),8 while other
studies suggest an additional, crucial role of memory structures, with disrupted activity

in the hippocampus.1 4 7. 8

Much less is known about visual anosognosia, also called Anton syndrome, where there is
complete cortical blindness and unawareness of vision loss.? This disorder is almost always
associated with bilateral injury to the visual cortex with the most commonly reported cause
being bilateral occipital lobe infarcts, but lesion locations vary.? Despite being described
more than 100 years ago, visual anosognosia has had little formal analysis. 2 10

Here we study lesion locations associated with weakness (with and without awareness) and
vision loss (with and without awareness). As these two forms of anosognosia are in different
locations, most often due to strokes in different vascular territories, lesions causing motor or
visual anosognosia are less likely to directly overlap so the cross-modal correlates are ideally
examined at the network level. For this reason, we used a recently validated technique
termed lesion network mapping to test whether these lesion-induced deficits map to specific
brain networks.11-14 We sought to identify 1) brain network connections associated with
domain specific anosognosia and 2) brain network connections associated with anosognosia
in general, independent of the specific deficit.

Patient inclusion and lesion mapping

We performed a systematic literature search to identify cases of visual anosognosia,
including cases where brain injury was associated with: 1) complete visual loss, 2) lack

of awareness of vision loss,® 3) a published image of sufficient quality and completeness
for mapping which identified 24 unique cases of visual anosognosia. These lesions were
mapped from the literature (KG) and reviewed for accuracy by a board-certified neurologist
(IK). (Figure 1 and Supplementary Tables 1-3.) As controls for this group we included

69 individuals who had brain lesions that caused visual field deficits but were aware of

the impairment, mapped in a recent study.1! To determine non-modality specific correlates
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of anosognosia, we also included previously analyzed, publicly available data from 174
individuals with hemiplegia, 95 of whom had anosognosia for hemiplegia and 79 of whom
had awareness.! To allow for comparison with the 2D vision loss lesions, these hemiplegia
lesions were bisected along the axial, sagittal and coronal planes to produce 2D lesion

slices. We analyzed previously published, publicly available images with patient consent per
individual journal requirements. The study was approved by Mass General Brigham/Partners
Institutional Review Board Protocol 2020P002987.

Lesion network preparation

All lesions were mapped into standard space and single-subject lesion connectivity maps
were produced using a validated approach termed lesion network mapping.12 Specifically,
we computed the resting-state functional connectivity between each lesion location and

all other brain voxels using a large, publicly available functional connectome (n=1000,
mean age 21.3, 42.7% male, 2x2x2mm)2° to produce individual lesion network maps; these
unthresholded individual subject lesion network maps were then employed in the voxelwise
analysis below.

Modality-specific and cross-modal anosognosia networks

To determine the modality-specific and cross-modal correlates of anosognosia we performed
a voxelwise permutation-based ANOVA using Permutation Analysis of Linear Models
employing four lesion groups and three key contrasts. The four lesion groups were: 1)
visual anosognosia, 2) vision deficit with awareness, 3) motor anosognosia and 4) motor
deficit with awareness. The three key contrasts were: 1) vision deficit versus motor deficit
(regardless of awareness), 2) visual anosognosia versus motor anosognosia through the
interaction effect, controlling for modality-specific deficits. Specifically, we computed visual
anosognosia and motor deficit with awareness versus motor anosognosia and vision deficit
with awareness, and 3) cross-modal anosognosia, combining visual anosognosia and motor
anosognosia versus vision deficit with awareness and motor deficit with awareness. (Figure
2.) False-discovery rate (FDR) p<0.05 was set for significance on voxelwise testing. We
elected to use the more liberal FDR rather than family-wise error (FWE) correction for
multiple comparisons due to our use of a 4-way ANOVA to identify a general anosognosia
network. To our knowledge, this is the first time this statistic has been used in lesion
network mapping, which results in less statistical power for detection of true positives
compared to a simple two-sample t-test. As such, we believe FDR correction provides a
better balance between false positives and false negatives. Our use of FDR is consistent
with existing recommendations for non-parametric analyses employing a general linear
model in Permutation Analysis of Linear Models16 and prior lesion network mapping
studies from our group and others.13: 17 We should also note that prior studies warning

that FDR correction risks false positives focused on smaller sample sizes (n=30-60)

and parametric models,® while our analysis uses a large sample size (n=267) and non-
parametric permutation-based statistics that are known to mitigate this risk.19: 20

To further validate our results we completed several secondary analyses. We ran the same
ANOVA noted above with the following additional conditions: 1) we controlled for lesion
volume, 2) controlled for patient age and lesion volume, 3) we removed visual controls
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with only a quadrantanopia and included only visual controls (aware of vision loss) with a
hemianopia (n=57), and 4) we created bilateral masks of the unilateral vision loss control
lesions by flipping across the midline to produce a mirrored mask and then derived lesion
network maps for use in the same ANOVA. Note: While it is not known whether these
artificially generated, bilateral vision control lesion masks would induce visual anosognosia,
this analysis may help correct for some of the differences between visual anosognosia

cases (bilateral lesions with complete vision loss) and the visual controls (field deficits with
unilateral lesions).

We identified 24 cases of visual deficits without awareness? 21-41 (visual anosognosia,
Figure 1, Supplementary Tables 1 & 2), 69 cases of visual deficits with awareness,1 95
cases of motor deficits without awareness (motor anosognosia), and 79 cases of motor
deficits with awareness® from several sources. The network of voxels connected to each
lesion location was computed and the resulting 267 lesion networks were entered into a
single voxelwise ANOVA. (Figure 2.)

Vision versus motor networks (main effect of modality):

Contrasting motor versus visual deficits (independent of awareness), showed the expected
results: lesions associated with motor deficits are more connected to motor regions while
lesions associated with visual deficits are more connected to visual regions. (Figure 3A)

Domain-specific anosognosia networks (interaction of modality x awareness):

Lesions associated with visual anosognosia were more connected to V2, posterior cingulate,
retrosplenial cortex, inferior parietal lobe, medial frontal pole, corpus callosum and

lateral occipital lobe/angular gyrus. Lesions associated with motor anosognosia were more
connected to supplementary motor area (SMA), superior frontal gyrus, anterior cingulate,
temporo-parietal junction, anterior insula, inferior frontal gyrus and temporal pole. (Figure
3B, Supplementary Table 4)

Cross-modal anosognosia network (main effect of awareness):

Lesions associated with anosognosia (independent of modality) were more connected to
the precuneus/superior parietal lobule, posterior cingulate and hippocampus (Figure 3C,
Supplementary Table 4). Connectivity to the hippocampi and superior precuneus was
unique to this general anosognosia map suggesting no preference for visual versus motor
anosognosia.

Secondary analyses

To ensure our findings were robust to methodological variation, we completed several
additional analyses: 1) we controlled for lesion volume, 2) we controlled for patient age
and lesion volume 3) we included only visual controls with a hemianopia (n=57), and
4) we made visual control lesions artificially bilateral to better match the bilateral visual
anosognosia lesions. These analyses all led to similar results. (See Figure 4.)
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Discussion

In this study we analyzed the connectivity patterns of lesions associated with vision and
motor deficits (with and without awareness of deficits) to identify network connections
associated with anosognosia. We identified modality-specific connections for visual and
motor anosognosia as well as cross-modal connections associated with anosognosia in
general.

Modality-specific anosognosia networks

Our findings specific to motor anosognosia are concordant with prior work which has
consistently found dysfunction of the insula, premotor regions, temporo-parietal junction
and anterior cingulate to play a role in motor anosognosia.l: 4 42 While there has been

no previous, large formal analysis of visual anosognosia with complete cortical blindness
(Anton’s syndrome), our findings of an association of lesion connectivity to V2 and
posterior cingulate fits findings from a previous voxel-based morphometry study of the
related but more limited condition of anosognosia for a partial visual field deficit.42 While
the individual modality-specific regions of motor and visual anosognosia are different, their
modality-specific functions share some similarities since the anterior insula/SMA in motor
and V2 in vision both maintain internal representations of sensory information.*3 Similarly,
there seems to be modality-specific associations with different parts of the cingulate, a key
region involved in metacognitive abilities,** with the motor anosognosia network converging
on the anterior cingulate and the visual anosognosia network on the posterior cingulate.

Cross-modal anosognosia network and memory

Our cross-modal anosognosia network converged on the precuneus and hippocampus, key
structures associated with episodic memory and the default network.4% 46 Several crucial
studies have highlighted the role of the hippocampus in motor anosognosia,l 4 However,
our results are the first to identify the role of the hippocampus in a systematic analysis

of visual anosognosia which is consistent with prior studies that noted the involvement of
episodic memory dysfunction in visual anosognosia.4’: 48 As to why only some previous
studies on anosognosia converge on the hippocampus, it is likely that in studies focused on a
single modality, the effects of modality-specific correlates predominate given their proximal
connectivity to injuries. Studies that have used methods sensitive to more distant effects? 4
converged on the hippocampus.

The precuneus, another key finding in our general anosognosia network, is not surprising
given its role in awareness, metacognition and memory.’: 4445 Though the precuneus has
not been consistently noted in studies of motor anosognosia, it has been associated with
other forms of anosognosia, including anosognosia for a visual field deficit*2 and cognitive
anosognosia.*4

Our results may align with the broader cognitive-awareness model of anosognosia®*: 4°

that hypothesizes that sensory or motor inputs must be compared to prior expectations
stored in memory to recognize a new deficit. The cognitive-awareness model relates to prior
theories that hypothesized that anosognosia could be caused by disconnection of modality
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specific regions or injury to a more general awareness system.# 49 Our findings suggest
that at the modality-specific level, anosognosia occurs from lesions functionally connected
to both modality-specific representations of information (visual or motor) and metacognitive
processing regions in the cingulate. This may disrupt appraisal of motor/visual function

by cognitive comparator mechanisms. At the more general, cross-modal network level,

both of these forms of anosognosia converge on the hippocampus and precuneus. Memory-
associated structures are necessary to recognize a deficit by comparing present inputs to
priors stored in memory while updating self-knowledge about perception/motor performance
compared to previous abilities.*4

Our sample size was limited by the rarity of anosognosia for complete visual loss. More
importantly we lack an ideal visual control group. It was challenging to identify the ideal set
of control lesions for visual anosognosia, as we lacked a cohort of patients with complete
cortical blindness who were aware of their deficit (the ideal control). For our main analysis,
we used data from patients with partial visual field loss who were aware of their deficit.
Results were similar if we restricted this control group to patients with hemianopia (i.e.
complete loss of vision on one side) or if we created artificial bilateral lesions. However,
none of these controls are ideal, and future work would benefit from studying patients with
complete cortical blindness and dedicated testing of awareness. Another limitation is that
our visual anosognosia and visual controls are derived from the literature and lack formal
testing for awareness. While all patients in the motor cohort and most patients in the visual
cohort suffered a stroke as the mechanism of injury, 25% of visual anosognosia patients
and 22% of the visual controls!! had a different mechanism of injury. In addition, the
timing between injury and visual testing was different in patients with visual anosognosia,
where most were tested within one month of injury, and our visual controls where nearly
all were tested more than one month from injury.1? Awareness of deficits after stroke is a
dynamic phenomenon® 47 which can improve with time; which lesion locations are more
likely to recover awareness cannot be better addressed within our visual anosognosia cohort
which relies on prior case reports for this rare condition. Further, we lacked 3-dimensional
images for visual anosognosia and visual controls. This, unfortunately, limited our ability
to statistically analyze the role of lesion location in anosognosia via techniques such as
voxel-lesion symptom mapping. However, in regards to the validity of lesion network

maps derived from 2-dimensonal lesion images, previous analyses have demonstrated that
2-dimensional slices can appropriately approximate the connectivity patterns of a whole
lesion.12 An additional limitation is that we relied on false discovery rate rather than

the more conservative family-wise error correction. There was some overlap between the
modality-specific anosognosia network and the general anosognosia network as there can be
connections more associated with one modality or the other that are also significant as part
of a general anosognosia network.
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Conclusion

By analyzing the connectivity patterns of lesions that cause different forms of anosognosia
we identify modality-specific networks for visual and motor anosognosia as well as a
cross-modal anosognosia network centered on the hippocampus and precuneus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Lesion maps for 24 patients with visual anosognosia. Outlined are lesions from 24 cases

of visual anosognosia where brain injury was associated with: 1) vision loss, 2) lack of
awareness of vision loss and 3) a published image of sufficient quality and completeness

for mapping. *Brain atlas is re-sliced to a non-conventional orientation to match the non-
conventional orientation of the original lesion image and coordinate provided is at the center
of the lesion.
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Figure 2. Method for identifying domain specific and cross-modal networks for awareness:
We analyzed four groups of lesions associated with A) visual anosognosia (n=24), B) visual

deficit with awareness (n=69), C) motor anosognosia (n=95) and D) motor deficit with
awareness (n=79). Each lesion location (red) was mapped to a common brain atlas (left
image). Functional connectivity between each lesion location and all other brain voxels was
computed using a large functional connectome, generating a lesion network map for each
case (right image). Positive connections are shown in warm colors, negative connections
are shown in cool colors. These 267 lesion network maps were entered into a single
voxelwise ANOVA (modality x awareness) to generate 3 brain maps: 1) A “modality map”
comparing visual deficit versus motor deficit (regardless of awareness), 2) a “modality-
specific anosognosia map” based on the interaction between modality and awareness, and 3)
a cross-modal “awareness map” comparing anosognosia versus awareness (regardless of the
deficit).
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Figure 3. Modality-specific and cross-modal anosognosia hetworks.
A. Modality map showing lesion connections associated with vision deficits (red) versus

motor deficits (blue) regardless of awareness. As expected, this map highlights domain-
specific brain regions such as the calcarine sulcus and pre-central gyrus. B. Modality-
specific anosognosia map showing lesion connections associated with visual anosognosia
(warm colors) versus motor anosognosia (cool colors). Regions more specific for visual
anosognosia include the posterior cingulate / inferior precuneus. Regions more specific for
motor anosognosia include the anterior insula / frontal operculum and supplementary motor
area / anterior cingulate. C. Cross-modal anosognosia map showing lesion connections
associated with anosognosia (green) versus awareness of deficits (purple) across both vision
and motor domains. Regions in the general anosognosia network include the bilateral
hippocampi and bilateral superior precuneus. All voxels shown are false discovery rate
p<0.05 (Note: Panel A is shown at a higher threshold of T>10 and T<-10 to better highlight
the most significant results.)
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Figure 4. Findings arerobust to methodological variation:

Visual Anosognosia

We repeated our primary analyses computing a modality-specific anosognosia map (see
Figure 3B) and cross-modal anosognosia network (see Figure 3C) using different covariates
(A, B) and different variations on our control lesions (C, D). A) Voxelwise ANOVA
repeated controlling for lesion volume. Top: Modality specific network. Bottom: Cross-
modal network. B) Voxelwise ANOVA repeated controlling for age and lesion volume.

Top: Modality specific network. Bottom: Cross-modal network. C) Voxelwise ANOVA
repeated with visual controls with hemianopia (n = 57) Top: Modality specific network.
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Bottom: Cross-modal network. D) Voxelwise ANOVA repeated with all visual controls
made artificially bilateral to better mirror the bilateral nature of visual anosognosia subjects.
Top: Modality specific network. Bottom: Cross-modal network. Note: All voxels shown are
significant on false discovery rate p<0.05.
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