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A B S T R A C T   

Quantitative susceptibility mapping (QSM) can detect iron distribution in the brain by estimating local tissue 
magnetic susceptibility properties at every voxel. Iron deposition patterns are well studied in typical Alzheimer’s 
disease (tAD), but little is known about these patterns in atypical clinical presentations of AD such as logopenic 
progressive aphasia (LPA) and posterior cortical atrophy (PCA). Seventeen PCA patients and eight LPA patients 
were recruited by the Neurodegenerative Research Group at Mayo Clinic, Rochester, MN, and underwent MRI 
that included a five-echo gradient echo sequence for calculation of QSM. Mean QSM signal was extracted from 
gray and white matter for regions-of-interest across the brain using the Mayo Clinic Adult Lifespan Template. 
Bayesian hierarchical models were fit per-region and per-hemisphere to compare PCA, LPA, 63 healthy controls, 
and 20 tAD patients. Strong evidence (posterior probability > 0.99) was observed for greater susceptibility in the 
middle occipital gyrus and amygdala in both LPA and PCA, and in the right inferior parietal, inferior temporal, 
and angular gyri in PCA and the caudate and substantia nigra in LPA compared to controls. Moderate evidence 
for greater susceptibility (posterior probability > 0.90) was also observed in the inferior occipital gyrus, pre
cuneus, putamen and entorhinal cortex in both LPA and PCA, along with superior frontal gyrus in PCA and 
inferior temporal gyri, insula and basal ganglia in LPA, when compared to controls. Between phenotypic com
parisons, LPA had greater susceptibility in the caudate, hippocampus, and posterior cingulate compared to PCA, 
while PCA showed greater susceptibility in the right superior frontal and middle temporal gyri compared to LPA. 
Both LPA and PCA showed moderate and strong evidence for greater susceptibility than tAD, particularly in 
medial and lateral parietal regions, while tAD showed greater susceptibility in the hippocampus and basal 
ganglia. This study proposes the possibility of unique iron profiles existing between LPA and PCA within cortical 
and subcortical structures. These changes match well with the disease-related changes of the clinical phenotypes, 
suggesting that QSM could be an informative candidate marker to study iron deposition in these patients.   
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Template; ROI, regions of interest; SUVRs, Standardized uptake value ratios. 

* Corresponding author at: Professor of Radiology, Mayo Clinic, 200 1st St SW, Rochester, MN 55905, USA. 
E-mail address: whitwell.jennifer@mayo.edu (J.L. Whitwell).  

Contents lists available at ScienceDirect 

NeuroImage: Clinical 

journal homepage: www.elsevier.com/locate/ynicl 

https://doi.org/10.1016/j.nicl.2022.103161 
Received 22 March 2022; Received in revised form 5 August 2022; Accepted 18 August 2022   

mailto:whitwell.jennifer@mayo.edu
www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2022.103161
https://doi.org/10.1016/j.nicl.2022.103161
https://doi.org/10.1016/j.nicl.2022.103161
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


NeuroImage: Clinical 36 (2022) 103161

2

1. Introduction 

Dysregulation of iron metabolism has been proposed to play an 
important role in typical Alzheimer’s disease (tAD) (Lane, Ayton, and 
Bush 2018) with multiple studies associating the presence of brain iron 
with either clinical deterioration of tAD (Ayton et al. 2020), or its pa
thology: beta amyloid (Aβ) plaques (Telling et al. 2017) and neurofi
brillary tangles (Yamamoto et al. 2002). 

A recently proposed non-invasive magnetic resonance imaging (MRI) 
technique for measuring iron accumulation is quantitative susceptibility 
mapping (QSM), which can detect iron distribution in the brain by 
estimating local tissue magnetic susceptibility properties for every voxel 
(Wang and Liu 2015). Susceptibility sources can be classified into two 
major types: paramagnetic (positive magnetic susceptibility) and 
diamagnetic (negative magnetic susceptibility) (Liu et al. 2015). Some 
susceptibility sources in the human brain are cerebral iron (ferritin- 
strongly paramagnetic) (Liu et al. 2015), iron containing sources (mostly 
strongly paramagnetic): such as deoxyhemoglobin in veins (contains 
ferrous molecules) (Wang and Liu 2015) and neuromelanin (iron con
taining complex), along with myelin (weakly diamagnetic) (Liu et al. 
2015). 

Since the paramagnetic and diamagnetic sources are co-localized in 
the AD brain, one could theorize that they may generate a counteracting 
effect on the QSM values, but multiple studies on the subject lend evi
dence counter to such theories. Langkammer et.al., studied the iron 
concentrations in post-mortem tissue and the bulk magnetic suscepti
bility in gray matter structures and found strong linear correlations 
between the two, suggesting that iron content contributed to the bulk of 
the QSM signal (Langkammer et al. 2012). Similarly, Tiepolt et.al., 
examined the differences in susceptibility signatures in AD cases to 
better understand the counteracting effects of paramagnetic and 
diamagnetic sources, and reported that any counteracting effect of the 
two sources would have to be minimal (Tiepolt et al. 2020). Together, 
these studies support Hallgren et.al., initial findings that the dominant 
source of magnetic susceptibility in the gray matter is iron (Hallgren and 
Sourander 1958) and can be assessed with QSM (Ravanfar et al. 2021), 
making QSM an informative marker to study brain iron deposition. 

The distribution of iron in the brain has been studied in tAD using 
QSM. Multiple structures with high iron levels have been identified, 
including the basal ganglia, medial temporal gyrus, inferior deep gray 
nuclei (substantia nigra, red nucleus and subthalamic nucleus), senso
rimotor strip and precuneus (Kim et al. 2017; Cogswell et al. 2021). 
However, little is known about the distribution of iron in the atypical 
clinical presentations of AD such as logopenic progressive aphasia (LPA) 
and posterior cortical atrophy (PCA), where LPA is characterized by 
language deficits, including poor word retrieval, difficulty repeating 
sentences and phonological errors (Gorno-Tempini et al. 2011; Botha 
et al. 2015) and PCA by visuospatial and visuoperceptual deficits (Tsai 
et al. 2011; Crutch et al. 2017). 

Therefore, the goals of the current study were to i) describe the brain 
iron distribution patterns within cortical and subcortical regions in PCA 
and LPA compared to healthy controls, ii) evaluate if QSM patterns of 
iron deposition could differentiate between PCA and LPA, iii) assess if 
these patterns differed between the atypical and typical variants of AD. 
Given that LPA and PCA show different patterns of brain neuro
degeneration, we hypothesized that they would show different regional 
patterns of iron deposition, and that these regional patterns would differ 
from tAD. 

2. Methods 

2.1. Patients 

Seventeen patients who met clinical diagnostic criteria for PCA 
(Crutch et al. 2017) and eight patients who met imaging-supported 
clinical diagnostic criteria for LPA (Gorno-Tempini et al. 2011; Botha 

et al. 2015) were recruited by the Neurodegenerative Research group 
(NRG) at Mayo Clinic, Rochester, MN, between October 01, 2020 and 
May 23, 2022. All patients were enrolled into the study regardless of age 
and underwent extensive neurological evaluations performed by one of 
two behavioral neurologists (KAJ or JGR) and neuropsychological 
testing overseen by a neuropsychologist (MMM). All clinical diagnoses 
were rendered by consensus between both behavioral neurologists after 
review of clinical history and results of clinical testing. All patients 
underwent an MRI protocol that included a five-echo gradient echo 
sequence for calculation of QSM. A cohort of 63 cognitively normal 
healthy individuals were recruited by the NRG between November 11, 
2020 and April 21, 2022 and underwent identical MRI scans. All three 
cohorts were age-matched to avoid any confounding effect of age. 
Furthermore, a cohort of 20 patients who met the clinical criteria for tAD 
(McKhann et al. 2011) who were recruited by the Mayo Clinic Alz
heimer’s Disease Research Center (ADRC) and had undergone identical 
MRI scans were identified. These 20 tAD patients were selected to be 
representative of late-onset tAD and hence were not age-matched with 
the other cohorts. 

2.2. Patient consent and protocols 

The study was approved by the Mayo Clinic IRB. All patients gave 
written informed consent to participate in this study. 

2.3. Clinical testing 

The neurological evaluations performed on the PCA and LPA patients 
included the Montreal Cognitive Assessment Battery (MoCA) for 
assessing general cognitive function (Nasreddine et al. 2005). Language 
assessments included the Boston Naming Test (BNT) for assessing 
confrontational naming (Lansing et al. 1999), and the Boston Diagnostic 
Aphasia Examination (BDAE) repetition subtest for assessing sentence 
repetition (Goodglass and Barresi 2000). The Sydney language battery 
semantic association subtest was administered to the LPA patients to 
ensure sparing of object knowledge (Savage et al. 2013) and the Pyra
mids and Palm Trees word-word matching test was administered to 
ensure sparing of word knowledge (Howard and Patterson 1992). Motor 
speech was assessed during spontaneous speech and was spared in all 
patients. The battery also included the Rey-Osterrieth Complex 
Figure Test (Rey-O) to assess visuospatial constructional ability (Oster
rieth 1944), the Visual Object and Space Perception Battery (VOSP) 
Cubes test for assessing visuospatial ability and Letters test for assessing 
visuoperceptual ability (Warrington and James 1991), and the Western 
Aphasia Battery ideomotor apraxia subtest to assess ideomotor praxis 
(Kertesz 2007). Specific characteristics of PCA were also documented, 
including the presence/absence of features of Balint’s syndrome, 
Gerstmann’s syndrome, visual field defect, apperceptive prosopagnosia 
and dressing apraxia. A subject was considered to have features of 
Balint’s syndrome if they had any one of the following symptoms: oc
ulomotor apraxia, optic ataxia, and simultanagnosia. Oculomotor 
apraxia and optic ataxia were assessed on neurological examination. The 
severity of simultanagnosia was determined on a 20-point scale with 20 
being the best score. The simultanagnosia test was designed to assess the 
individuals ability to perceive the overall meaning/shape of the figure/ 
object/picture instead of recognizing bits and pieces, and included, for 
example, pictures of overlapping line drawings, pictures of fragmented 
numbers, and pictures of objects/letters whose shape was created from 
smaller items (Tetzloff et al. 2018). Apperceptive prosopagnosia was 
assessed by asking the subject to select the one famous face from a panel 
of three similar looking faces, for a total of 10 different panels. A patient 
was considered to have features of Gerstmann’s syndrome if they had 
any one of following symptoms: acalculia (3 or less on MoCA calcula
tion), left–right confusion, agraphia, or finger agnosia. In addition, the 
Rey Auditory Verbal Learning Test – Recognition Percent Correct 
(AVLT-RCP) was used to assess episodic memory. The neurological 
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evaluations performed on the tAD patients from the ADRC included the 
MoCA. 

2.4. Image acquisition 

All patients underwent a standardized MRI protocol on one 3 T 
Siemens Prisma scanner at Mayo Clinic, Rochester, MN. The protocol 
included a T1-weighted magnetization prepared rapid gradient echo 
(MPRAGE) sequence (TR/TE/T1 = 2300/3.14/945 ms; flip angle 9◦, 0.8 
isotropic resolution). For QSM acquisition, a 3D multi-echo GRE (3D- 
MEGRE) acquisition consisting of five echoes with acquisition parame
ters: TR 28 ms; TE 6.7, 10.6, 14.5. 18.4 and 22.5 ms, flip angle 15◦, field 
of view (FOV) 200 mm, acquired matrix 384 × 269, reconstructed in- 
plane resolution 0.52 mm2, slice thickness 1.8 mm, slices, 88, 
GRAPPA Ry = 2, acquisition time 6 mins 37 secs were used to process 
the 3D-MEGRE data and generate QSM maps using a publically available 
software package (STI suite, https://www.eecs.berkeley.edu/~chunlei. 
liu /software.html) (Cogswell et al. 2021). 

2.5. Image processing 

First the affine registration parameters were computed between the 
T1-weighted images and mean of the magnitude GRE images across the 
echo times. Laplacian-based phase unwrapping was applied, and the 
masking was performed based on the T1-weighted segmentation. Sparse 
linear equations and least squares method was applied to compute the 
QSM from the unwrapped, masked phase data (Li, Wu, and Liu 2011). 
Detailed acquisition details have been previously published (Cogswell 
et al. 2021). Mean QSM signal was extracted from gray and white matter 
for twenty-six regions-of-interest (ROIs), along with their corresponding 
right and left ROIs, across the brain using the Mayo Clinic Adult Lifespan 
Template (MCALT) atlas (MCALT: https://www.nitrc.org/projects/mc 
alt/). 

Twenty-six ROIs were assessed: superior frontal gyrus, superior 
temporal, middle temporal, inferior temporal, amygdala, hippocampus, 
entorhinal cortex, insula, posterior cingulum, precuneus, retrosplenial 
cortex, superior parietal, inferior parietal, angular gyrus, supramarginal 
gyrus, superior occipital, middle occipital, inferior occipital and 
subcortical structures: caudate, putamen, pallidum, thalamus, sub
thalamic nucleus, red nucleus, substantia nigra, cerebellar dentate. 

2.6. Statistical analysis 

To generate profiles of susceptibility for PCA and LPA as well as 
compare regional susceptibility in PCA and LPA to susceptibility in 
healthy controls and tAD, region-and-hemisphere specific bayesian hi
erarchical linear models predicting susceptibility as the outcome by 
diagnosis group as the predictor were used. The first model compared 
PCA and LPA to controls and to each other, and the second model 
compared PCA and LPA to tAD. Each of these models yielded an inter
cept per diagnosis group, which allowed us to compare cross-sectional 
susceptibility within region and hemisphere across diagnoses. More 
specifically, these intercepts were estimated as random effects, thereby 
pooling information within region-and-hemisphere and shrinking esti
mates toward an overall median susceptibility within region, which 
resulted in shrunken estimates that are more generalizable and pro
spectively managing the problem of multiple comparisons (Greenland 
2000; Gelman and Hill (2007)). Shrinkage estimators introduce helpful 
bias toward the null, reducing the influence of outliers. Partial pooling of 
variances also reduces the impact of a single patient unduly influencing 
results; if a patient is high across multiple regions, the random effect for 
that patient will incorporate that global information, decreasing the 
effect of that patient across all regions. The multi-region models are thus 
protected from the inflated type I error that would be associated with 
many single-region models, the problem of multiple comparisons, while 
also increasing statistical power to detect true effects. 

These models were fit using the statistical software R (R Core, Team 
(2020)) in conjunction with the rstanarm package (Goodrich et al. 2020) 
version 2.21.1 running STAN version 2.21.0 (Stan Development, Team 
(2017)). Each model used eight chains of 4000 samples, with the first 
half of samples discarded as burn in, resulting in posterior samples of 
16,000 estimates per parameter. The effective sample size for each of 
these parameters was at least in the multiple thousands and the R̂ (R 
“hat”), a measure of posterior convergence, was approximately-one for 
all parameters across all models, indicating no lack of fit in any of these 
models. 

These posterior samples provided distributions for each model 
parameter, and we then summarize these distributions using probabili
ties. We assessed the proportion of the distribution that was greater than 
zero and compared the proportion of samples from one estimate that 
was greater than a second estimate (comparing PCA and LPA intercepts, 
for example). The results of these comparisons were reported as poste
rior probabilities, denoted as Pb in this paper, and we considered Pb >
0.90 or < 0.10 as moderate evidence of a difference and Pb > 0.99 or <
0.01 as strong evidence of a difference. We have these upper and lower 
bounds because in the Bayesian paradigm we are not biased using one- 
sided tests (indeed we can only set up one-sided comparisons using these 
posterior probabilities), and it is simple to show that if there is 0.08 
probability that X > Y, then we can also say that the probability Y > X is 
0.92. 

3. Results 

3.1. Study demographics 

The demographic and clinical features of the cohorts are shown in 
Table 1. The PCA and LPA groups did not differ on sex, education, age, or 
disease duration at MRI. On clinical testing, the PCA group performed 
worse than the LPA group on Rey-O complex figure (p < 0.001), VOSP 
cubes (p = 0.001), and VOSP letters (p=<0.001). 

3.2. Regional susceptibility in PCA and LPA compared to healthy controls 

Example QSM images from a healthy control, tAD and a PCA and LPA 
patient are shown in Fig. 1. High susceptibility was observed in the basal 
ganglia and deep gray matter nuclei (substantia nigra, red nucleus and 
subthalamic nucleus) in all four cases. 

The results of the bayesian hierarchical linear model comparing PCA, 
LPA and controls are shown in Fig. 2 and Table 2. In PCA, there was 
strong evidence of greater susceptibility in the middle occipital gyrus, 
inferior parietal, angular and inferior temporal gyri, along with amyg
dala when compared to healthy controls. There were also regions that 
showed moderate evidence of difference compared to controls with 
greater susceptibility in the inferior occipital gyrus, precuneus, right 
superior frontal gyrus and entorhinal cortex, with lower susceptibility in 
the left superior parietal and supramarginal gyri, along with 
hippocampus. 

In LPA, there was strong evidence of greater susceptibility in the left 
middle occipital gyrus and amygdala, compared to healthy controls. 
Moderate evidence of difference compared to controls was seen with 
greater susceptibility in the left inferior temporal gyrus, superior pari
etal and inferior parietal gyrus, and angular gyrus, left precuneus and 
inferior occipital gyrus, insula, caudate, putamen, substantia nigra and 
entorhinal cortex, with lower susceptibility in the right superior tem
poral and middle temporal gyri. 

When comparing PCA and LPA, LPA showed strong evidence of 
greater susceptibility in the caudate and moderate evidence of greater 
susceptibility in the hippocampus and posterior cingulum compared to 
PCA, while PCA showed moderate evidence of greater susceptibility in 
the right superior frontal and middle temporal gyri with retrosplenial 
cortex compared to LPA. 
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3.3. Regional susceptibility in PCA and LPA compared to tAD 

The results of the bayesian hierarchical linear model comparing PCA 
and LPA to tAD are shown in Fig. 3 and Table 3. There was strong 

evidence of greater susceptibility in the precuneus, inferior temporal 
gyrus and insula in PCA compared to tAD, and moderate evidence of 
greater susceptibility in the inferior occipital, middle temporal, superior 
frontal, and angular gyri, with the amygdala and entorhinal cortex. 

Table 1 
Participant’s demographics and disease characteristics.   

Disease cohort (N = 19) Disease controls Healthy controls 

PCA (N = 17) LPA (N = 8) P-value tAD (N = 20) vs PCA P-value vs LPA P-value (N = 63) vs PCA 
P-value 

vs LPA 
P-value 

Female, n (%) 14 (82 %) 5 (62 %)  0.344 14 (70 %)  0.462 > 0.999 46 (73 %)  0.540  0.678 
Education, yr 16 (12, 18) 16 (15, 16)  0.835 16 (14, 17)  0.744 0.833 16 (15, 18)  0.341  0.435 
Age at onset, yr 56 (52, 59) 60 (58, 67)  0.268 76 (72, 79)  < 0.001 0.001 –  –  – 
Age at scan, yr 63 (58, 64) 65 (62, 72)  0.180 80 (77, 82)  < 0.001 < 0.001 65 (59, 69)  0.140  0.513 
Disease duration, yr 4.4 (3.1, 6.0) 4.8 (3.5, 6.0)  0.600 2.4 (0.7, 5.3)  0.143 0.114 –  –  – 
MoCA (30) 17 (12, 19) 7 (6, 14)  0.171 16 (13, 20)  0.605 0.048 27 (26, 28)  < 0.001  < 0.001 
BNT (15) 11 (6, 12) 8 (5, 10)  0.256 –  – – –  –  – 
BDAE repetition (10) 8 (6, 9) 4 (3, 8)  0.101 –  – – –  –  – 
SYDBAT semantic association (/0) – 26 (22, 27)  – –  – – –  –  – 
PPT word-word (52) 50 (48, 50) 49 (47, 50)  0.259       
Rey-O MOANS 2 (2, 2) 6 (4, 8)  < 0.001 –  – – –  –  – 
VOSP cubes (10) 0 (0, 1) 10 (3, 10)  0.001 –  – – –  –  – 
VOSP letter (20) 6 (0, 8) 20 (18, 20)  < 0.001 –  – – –  –  – 
Simultanagnosia (20) 5 (2, 7) 18 (16, 19)  < 0.001       
AVLT RCP (100) 80 (67, 90) 63 (55, 72)  0.139 –  – – –  –  – 
WAB praxis subscore (/60) 59 (55, 60) 58 (55, 60)  0.793 –  – – –  –  – 
Feature of Balint’s syndrome, n (%) 17 (100 %) 2 (25 %)  – –  – – –  –  – 
Features of Gerstmann syndrome, n (%) 16 (94 %) 0 (0 %)  – –  – – –  –  – 
Visual field defect, n (%) 10 (59 %) 0 (0 %)  – –  – – –  –  – 
Apperceptive prosopagnosia, n (%) 4 (24 %) 0 (0 %)  – –  – – –  –  – 
Dressing apraxia, n (%) 7 (41 %) 0 (0 %)  – –  – – –  –  – 

Data shown are n (%) or median (first and third quartiles). For continuous variables, p-values are from Wilcoxon Rank Sum test. For categorical variables, p-values are 
from Fisher’s Exact test. Key; PCA, Posterior Cortical Atrophy; LPA, Logopenic Progressive Aphasia; HC, Healthy controls; tAD, typical Alzheimer’s Disease; MoCA, 
Montreal Cognitive Assessment Battery; BNT, Boston Naming Test; BDAE, Boston Diagnostic Aphasia Exam; MOANS, Mayo older adult norms, Rey-O, Rey-Osterrieth 
Complex Figure Test; VOSP, Visual Object and Space Perception Battery; AVLT-RCP, Auditory Verbal Learning Test – Recognition Percent Correct; SYDBAT, Sydney 
Language Battery; WAB, Western Aphasia Battery; PPT, Pyramid and Palm Trees. MOANS scores are age corrected and constructed to have a mean of 10 and standard 
deviation of 3 among cognitively healthy subjects. 

Fig. 1. QSM images from representative patients. Multiple slices of QSM images from a healthy control, tAD, a PCA and LPA patient are shown here. The para
magnetic values on the QSM are indicated in red to yellow, while the diamagnetic values are shown in blue. Regions with high iron deposition (paramagnetic 
susceptibility) are indicated in white arrows. 
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Conversely, tAD only showed moderate evidence of difference with 
greater susceptibility in the hippocampus, caudate, pallidum and puta
men compared to PCA. 

LPA showed strong evidence of greater susceptibility in the insula 
and amygdala compared to tAD, and moderate evidence of difference 
with greater susceptibility in the precuneus, middle occipital gyrus, 

entorhinal cortex and caudate. Conversely, tAD only showed moderate 
evidence of greater susceptibility in the retrosplenial cortex and pal
lidum compared to LPA. 

Fig. 2. Forest plots comparing PCA and LPA to healthy controls. The plot shows estimates (median), 80 % posterior interval (thick line) and 98 % posterior interval 
(thin line). It is interpreted as follows; when the 80 % posterior interval does not touch zero, we say there is moderate evidence (Pb > 0.90) of difference and when 
the 98 % posterior interval does not touch zero, we say there is strong evidence (Pb > 0.99) of difference from healthy controls. 
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3.4. Effect of age on regional susceptibility in healthy controls 

The results of the bayesian hierarchical linear model are shown in 
Fig. 4 and Table 4. There was strong evidence of lower susceptibility in 
the substantia nigra, red nucleus and cerebellar dentate, with moderate 
evidence in the subthalamic nucleus, with older age at scan. 

4. Discussion 

This study investigated regional patterns of iron deposition in PCA 
and LPA. We demonstrate that elevated QSM susceptibility is observed 
in both PCA and LPA, particularly in occipital, parietal, and lateral and 
medial temporal regions, and that regional differences are observed 
between PCA and LPA. Furthermore, PCA and LPA showed evidence for 
greater cortical susceptibility than tAD, even though the tAD cohort was 
older. 

Susceptibility in PCA was elevated bilaterally in the occipital lobe, 
and in right parietal and temporal regions. These iron deposition pat
terns match well with the biological signature of the phenotype whereby 
neurodegeneration is observed in posterior regions of the brain (Josephs 
et al. 2006; Crutch et al. 2012; Whitwell et al. 2007), often with greater 
involvement of the right hemisphere (Whitwell et al. 2007; Lehmann 
et al. 2011). Elevated susceptibility was, however, also observed in some 
medial temporal structures. These structures are typically considered to 
be relatively spared in PCA compared to the striking involvement of the 
posterior cortex, although our group recently reported that mild to 
moderate medial temporal atrophy is common (Josephs et al. 2022). The 
precuneus and superior frontal gyrus also showed higher susceptibilities 
in PCA. This is in line with the literature as atrophy in the precuneus has 
recently been associated impairment of autobiographical memory in 
PCA (Ahmed et al. 2018), while atrophy in the superior frontal gyrus is 
commonly associated with visuospatial cognitive decline (Valdes Her
nandez et al. 2018). 

Elevated susceptibility in LPA was observed in similar regions, 
including the lateral temporal, occipital, parietal, and medial temporal 

lobes, with most findings stronger in the left hemisphere. LPA is a left- 
dominant phenotype which encompasses atrophy in lateral temporal 
and inferior parietal regions (Gorno-Tempini et al. 2004; Rohrer et al. 
2013; Madhavan et al. 2013; Botha et al. 2015). The left-sided nature of 
the iron deposition, particularly in the inferior temporal gyrus with 
trends in the superior temporal gyrus, therefore, concurs with the typical 
patterns of asymmetric neurodegeneration (Lombardi et al. 2021). 
However, the regional distribution of iron deposition diverges some
what from the expected pattern given the strong findings in the occipital 
lobe. The occipital cortices (Garcia-Azorin et al. 2014; Ramanan et al. 
2020) and medial temporal regions (Rohrer et al. 2013) can become 
involved over time in LPA but are not usually the most atrophic regions 
early in the disease. We also noted moderate elevation in the amygdala 
and insula. While not the focus of neurodegeneration, these regions have 
been implicated in LPA. Studies have observed considerable reduction in 
the hippocampus/amygdala complex (Lombardi et al. 2021) and the 
insula (Lombardi et al. 2021; Ballard et al. 2014) volume in LPA at 
baseline, with significant reductions in the hippocampus/amygdala 
complex volume also noted at follow up, compared to controls in one 
study (Lombardi et al. 2021). 

There were also regions where PCA and LPA showed lower suscep
tibility than controls, including in the supramarginal gyrus, hippocam
pus, and left superior parietal in PCA, and the right superior and middle 
temporal gyri in LPA. The reason for lower susceptibility in these regions 
is unclear, although it does highlight the pattern of relative sparing of 
certain regions based on diagnosis compared to controls, with the PCA 
showing sparing of the hippocampus, left superior parietal and supra
marginal gyri and LPA for the right superior and middle temporal gyri. 
Multiple studies have reported elevated iron deposition in these regions 
in healthy individuals, suggesting that iron deposition may simply be a 
part of normal ageing, without the need of an existing or developing a 
disease. A similar effect, in the form of iron concentrations versus 
increasing age, has been seen in the basal ganglia and the inferior deep 
gray nuclei in healthy brains (Lin, Chao, and Wu 2015). Heathy ageing 
has also been associated with an increase in hippocampal iron levels 

Table 2 
Posterior probabilities of susceptibility differences between PCA, LPA and Healthy controls.   

Region PCA > LPA PCA > Healthy Controls LPA > Healthy Controls 

Left Right Left Right Left Right 

Corticals Superior Frontal  0.284  0.975  0.458  0.905  0.709  0.103  
Superior Temporal  0.449  0.841  0.844  0.104  0.814  0.019  
Middle Temporal  0.614  0.928  0.407  0.558  0.294  0.053  
Inferior Temporal  0.186  0.885  0.842  0.997  0.961  0.749  
Amygdala  0.218  0.139  0.997  0.991  0.999  0.998  
Hippocampus  0.078  0.033  0.197  0.026  0.844  0.745  
Entorhinal Cortex  0.220  0.416  0.915  0.914  0.970  0.894  
Insula  0.145  0.239  0.637  0.877  0.929  0.955  
Posterior Cingulum  0.074  0.688  0.137  0.581  0.796  0.338  
Precuneus  0.601  0.759  0.968  0.964  0.901  0.742  
Retrosplenial Cortex  0.461  0.939  0.368  0.843  0.446  0.167  
Superior Parietal  0.172  0.159  0.050  0.649  0.438  0.925  
Inferior Parietal  0.582  0.570  0.430  0.997  0.360  0.963  
Angular Gyrus  0.756  0.633  0.780  0.991  0.413  0.912  
Supramarginal Gyrus  0.144  0.434  0.033  0.469  0.425  0.548  
Superior Occipital  0.320  0.368  0.506  0.438  0.701  0.594  
Middle Occipital  0.252  0.849  0.991  0.998  0.995  0.839  
Inferior Occipital  0.466  0.870  0.974  0.784  0.948  0.264 

Subcorticals Caudate  0.004  0.010  0.414  0.198  0.998  0.983  
Putamen  0.170  0.221  0.884  0.872  0.976  0.952  
Pallidum  0.205  0.150  0.213  0.359  0.638  0.821  
Thalamus  0.309  0.362  0.203  0.118  0.475  0.307  
Subthalamic Nucleus  0.692  0.654  0.754  0.638  0.467  0.428  
Red Nucleus  0.615  0.384  0.454  0.343  0.341  0.515  
Substantia Nigra  0.131  0.031  0.779  0.752  0.968  0.996  
Cerebellar dentate  0.440  0.581  0.832  0.831  0.814  0.683 

The posterior probabilities of differences in susceptibility between diagnosis groups were calculated based on the region-specific Bayesian models. In this table, any 
values below 0.10 or above 0.90 indicate moderate evidence of a difference in susceptibility and are highlighted in light grey and values above 0.99 or below 0.01 
indicate strong evidence of a difference in susceptibility between groups and are highlighted darker grey. 
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(Bartzokis et al. 2011). 
We observed regional differences between PCA and LPA, with PCA 

showing elevated susceptibility in the superior frontal and middle 
temporal gyri, and LPA showing elevated susceptibility in the left pari
etal lobe and subcortical regions (Tetzloff et al. 2018; Dronse et al. 
2017). PCA and LPA also both showed greater susceptibility than tAD in 

the insula and precuneus, with moderate susceptibility differences in 
some structures in the medial and lateral temporal lobes, inferior pari
etal, and inferior occipital gyri. These differences match well with the 
signatures of both atypical AD phenotypes and were observed even 
though the tAD group was approximately a decade older (Josephs et al. 
2006; Rohrer et al. 2013; Josephs et al. 2022). Conversely, tAD showed 

Fig. 3. Forest plots comparing PCA and LPA to tAD. The plot shows estimates (median), 80 % posterior interval (thick line) and 98 % posterior interval (thin line). It 
is interpreted as follows; when the 80 % posterior interval does not touch zero, we say there is moderate evidence (Pb > 0.90) of difference and when the 98 % 
posterior interval does not touch zero, we say there is strong evidence (Pb > 0.99) of difference from tAD. 
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greater susceptivity in the basal ganglia and the hippocampus compared 
to PCA, and caudate and retrosplenial cortex compared to LPA. Multiple 
studies reporting differences between controls and tAD have shown 
increased susceptibilities in the basal ganglia, particularly in the caudate 
(Acosta-Cabronero et al. 2013; Kim et al. 2017), putamen (Acosta- 
Cabronero et al. 2013; Du et al. 2018; Cogswell et al. 2021) and the 
pallidum (Tiepolt et al. 2018; Cogswell et al. 2021), along with the 
hippocampus (Kim et al. 2017) in both mild and moderate tAD patients. 
The cingulate gyrus is more controversial with mixed reports supporting 
higher iron burden within this regions (Kim et al. 2017), while others 
did not detect any significant differences (Hwang et al. 2016; Ayton 
et al. 2017). This study highlights the same regions with susceptibility 
differences compared to the atypical AD variants, which further sup
ports the theory that iron deposition patterns in AD largely depend on 
the underlying syndromic diagnosis. However, we cannot rule out a 
potential influence of age since older age has been associated with 
higher susceptibility in basal ganglia (Lin, Chao, and Wu 2015; Larsen 
et al. 2020; Cogswell et al. 2021). 

The only cognitive profile differences noted between PCA, and LPA 
were on the Rey-O Complex Figure, VOSP Cubes and Letters, where PCA 
performed worse than LPA. We were underpowered to detect anything 
but large effects in the LPA cohort, which could explain why LPA did not 
perform significantly worse on the BNT and BDAE repetition than PCA, 
even though the median scores were in the expected direction. Future 
studies with larger cohorts will be needed to determine whether 
cognitive performance relates to susceptibility in these patients. The age 
of onset did not statistically differ between the PCA and LPA, with the 
PCA cohort having the youngest median onset age, although both PCA 
and LPA cohorts were younger than the tAD cohort. It is important to 
note, that PCA showed greater susceptibility in multiple regions when 
compared to LPA and tAD. One hypothesis that could explain this would 
be an increase in susceptibility with earlier age of onset in AD, consistent 
with what we observe with neurodegeneration and tau deposition 
(Whitwell et al. 2019), though this remains to be explored further. 

Strengths of this study include the novelty of using QSM to quantify 

the magnetic susceptibility of tissue at the voxel-level in the PCA and 
LPA atypical variants of AD, as no studies have explored QSM in these 
syndromes. Our study also has some limitations. We had limited statis
tical power due to the relatively small sample size of the LPA group 
meaning we may be missing moderate or small effect sizes in our ana
lyses, and we would therefore need a larger LPA cohort to identify 
smaller differences. All patients were diagnosed by two expert behav
ioral neurologists, although our battery lacked formal testing of 
grammar. We compared many regions in our analysis, although our 
Bayesian methods are prospectively managing the type I error rate (false 
positive results) and there is no need for further post-hoc corrections. 
Our disease groups differed by age. While we included age in the models, 
it is difficult to fully account for the influence of age, as it would be 
difficult to resolve the effect of age on the disease characteristics of 
atypical and typical variants of Alzheimer’s disease. It is important to 
highlight that QSM is not a direct measure of brain iron content, but a 
technique that provides an accurate measurement of the magnetic sus
ceptibility of the tissue and produces a voxel-wise mapping of the mean 
tissue susceptibility which is its greatest advantage over traditional 
susceptibility imaging techniques (Wang and Liu 2015; Haacke et al. 
2015). We are unable to identify which source of iron contributes to the 
signal, whether iron is the cause or a consequence of the pathology, or 
how much it contributes to the pathology. We also cannot account for 
the effect of myelin’s weak diamagnetic signal in white matter (Lang
kammer et al. 2012). From the literature we know, the effect of myelin 
in the basal ganglia is minimal (Langkammer et al. 2012) with post- 
mortem studies establishing a strong correlation between QSM signal 
and iron content (Sun et al. 2015; Hametner et al. 2018). Additionally, 
substantia nigra is a major iron storage site, abundant in neuromelanin, 
which would suggest the dominant signal for QSM in this region would 
be iron (Haining and Achat-Mendes 2017). Leading to the hypothesis 
that the contribution of myelin’s susceptibility would be minimal, and 
the dominant signal would remain paramagnetic, originating from iron 
(Langkammer et al. 2012; Chen et al. 2021), with the overall QSM signal 
at most being somewhat underestimated (Habib et al. 2012; Betts et al. 

Table 3 
Posterior probabilities of susceptibility differences between PCA, LPA and tAD.    

Region 
PCA > LPA PCA > tAD LPA > tAD 

Left Right Left Right Left Right 

Corticals Superior Frontal  0.284  0.975  0.500  0.967  0.717  0.293  
Superior Temporal  0.449  0.841  0.898  0.698  0.869  0.269  
Middle Temporal  0.614  0.928  0.723  0.920  0.615  0.395  
Inferior Temporal  0.186  0.885  0.569  0.990  0.850  0.749  
Amygdala  0.218  0.139  0.965  0.834  0.991  0.970  
Hippocampus  0.078  0.033  0.016  0.132  0.421  0.845  
Entorhinal Cortex  0.220  0.416  0.913  0.951  0.971  0.937  
Insula  0.145  0.239  0.997  1.000  0.999  1.000  
Posterior Cingulum  0.074  0.688  0.280  0.775  0.846  0.538  
Precuneus  0.601  0.759  0.991  0.987  0.974  0.889  
Retrosplenial Cortex  0.461  0.939  0.561  0.542  0.591  0.064  
Superior Parietal  0.172  0.159  0.151  0.576  0.560  0.877  
Inferior Parietal  0.582  0.570  0.557  0.832  0.467  0.724  
Angular Gyrus  0.756  0.633  0.970  0.836  0.792  0.669  
Supramarginal Gyrus  0.144  0.434  0.154  0.869  0.602  0.854  
Superior Occipital  0.320  0.368  0.499  0.302  0.682  0.445  
Middle Occipital  0.252  0.849  0.776  0.740  0.904  0.297  
Inferior Occipital  0.466  0.870  0.830  0.922  0.807  0.539 

Subcorticals Caudate  0.004  0.010  0.058  0.033  0.935  0.847  
Putamen  0.170  0.221  0.004  0.017  0.126  0.181  
Pallidum  0.205  0.150  0.001  0.016  0.061  0.253  
Thalamus  0.309  0.362  0.710  0.587  0.836  0.709  
Subthalamic Nucleus  0.692  0.654  0.356  0.303  0.210  0.209  
Red Nucleus  0.615  0.384  0.464  0.441  0.361  0.573  
Substantia Nigra  0.131  0.031  0.108  0.150  0.561  0.869  
Cerebellar dentate  0.440  0.581  0.150  0.242  0.247  0.217 

The posterior probabilities of differences in susceptibility between diagnosis groups were calculated based on the region-specific Bayesian models. In this table, any 
values below 0.10 or above 0.90 indicate moderate evidence of a difference in susceptibility and are highlighted in light grey and values above 0.99 or below 0.01 
indicate strong evidence of a difference in susceptibility between groups and are highlighted in darker grey. 
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2016; Raab et al. (2021)). 

5. Conclusion 

Our results suggest that iron deposition is a feature of PCA and LPA 
that can be detected with QSM with iron deposition observed in the 
occipital, parietal, and temporal regions in PCA, and in the caudate, 
insula, parietal, and temporal regions for LPA. There is also evidence of 
increased susceptibility in the atypical AD variants when compared to 
tAD and heathy controls. These findings contribute to our understanding 
of brain iron changes in atypical AD and suggest that regional patterns of 
QSM susceptibility could have some diagnostic utility in AD, although 
larger studies will be needed to investigate this possibility. 
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Table 4 
Posterior probabilities for the effect of age on regional susceptibilities in healthy 
controls.    

Region 
Healthy controls 

Left Right 

Corticals Entorhinal Cortex  0.724  0.611  
Superior Frontal  0.697  0.594  
Superior Parietal  0.635  0.600  
Hippocampus  0.571  0.602  
Amygdala  0.645  0.521  
Superior Occipital  0.549  0.591  
Supramarginal Gyrus  0.513  0.567  
Middle Occipital  0.513  0.571  
Inferior Parietal  0.617  0.633  
Angular Gyrus  0.561  0.552  
Superior Temporal  0.532  0.563  
Precuneus  0.509  0.527  
Inferior Occipital  0.550  0.510  
Middle Temporal  0.557  0.518  
Inferior Temporal  0.501  0.608  
Insula  0.546  0.587  
Posterior Cingulum  0.549  0.686  
Retrosplenial Cortex  0.511  0.664 

Subcorticals Putamen  0.826  0.665  
Caudate  0.630  0.517  
Pallidum  0.843  0.782  
Thalamus  0.656  0.799  
Substantia Nigra  0.996  0.682  
Subthalamic Nucleus  0.802  0.989  
Red Nucleus  > 0.999  0.557  
Cerebellar Dentate  > 0.999  0.999 

The posterior probabilities of differences in susceptibility between diagnosis 
groups were calculated based on the region-specific Bayesian models. In this 
table, any values below 0.10 or above 0.90 indicate moderate evidence of a 
difference in susceptibility and are highlighted in light grey and values above 
0.99 or below 0.01 indicate strong evidence of a difference in susceptibility 
between groups and are highlighted darker grey. 
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