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Abstract

Background and Purpose: We investigated the effects of aging, white matter hyperintensities 

(WMH), and cognitive impairment on brain iron levels and cerebral oxygen metabolism, known to 

be altered in Alzheimer’s disease (AD), using quantitative susceptibility mapping and MR-based 

cerebral oxygen extraction fraction (OEF).

Methods: In 100 individuals over the age of 50 (68/32 cognitively impaired/intact), OEF and 

neural tissue susceptibility (χn) were computed retrospectively from MRI multi-echo gradient 

echo data, obtained on a 3 Tesla MRI scanner. The effects of age and WMH on OEF and χn 

were assessed within groups, and OEF and χn were assessed between groups, using multivariate 

regression analyses.

Results: Cognitively impaired subjects were found to have 19% higher OEF and 34% higher 

χn than cognitively intact subjects in the cortical gray matter and several frontal, temporal, and 

parietal regions (p < 0.05). Increased WMH burden was significantly associated with decreased 

OEF in the cognitively impaired, but not in the cognitively intact. Older age had a stronger 

association with decreased OEF in the cognitively intact group. Both older age and increased 

WMH burden were significantly associated with increased χn in temporoparietal regions in the 

cognitively impaired.
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Conclusions: Higher brain OEF and χn in cognitively impaired older individuals may reflect 

altered oxygen metabolism and iron in areas with underlying AD pathology. Both age and WMH 

have associations with OEF and χn but are modified by the presence of cognitive impairment.
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Introduction

Cognitive impairment is widely prevalent among older individuals, affecting a reported 

twenty percent of adults over the age of 50.1 Alzheimer’s disease (AD) remains the most 

common cause of cognitive impairment among older adults, but definitive diagnosis requires 

the identification of beta-amyloid plaques and neurofibrillary tangles postmortem. Although 

advances in PET, cerebrospinal fluid, and plasma biomarkers provide opportunities to 

diagnose AD antemortem, these techniques are not yet reimbursed, so current clinical 

management typically relies on MRI and cognitive assessments. Initial workup of 

individuals with cognitive impairment therefore commonly includes MR imaging to exclude 

potentially reversible causes of dementia, even though these are found in fewer than ten 

percent of cases.2

Recent studies have shown that individuals with AD and mild cognitive impairment (MCI) 

have higher levels of brain iron compared to normal controls,3–8 and iron levels can predict 

subsequent cognitive decline in amyloid-positive individuals.3 Preclinical and postmortem 

studies have reported that iron colocalizes with beta-amyloid plaques9–11 and is found 

within activated microglia associated with these plaques.12,13 Higher iron levels in brain 

regions may therefore serve as a proxy for AD pathology. Quantitative susceptibility 

mapping (QSM),14 a novel MRI technique that deconvolves the magnetic field measured 

in MRI to study tissue magnetism, is ideally suited for noninvasive quantification of strongly 

paramagnetic iron.15–19 QSM has been validated by pathological correlation studies20,21 

and has been shown to be highly reproducible, even when performed at different sites, on 

different vendor platforms, and across field strengths.22,23

In addition to assessing tissue iron levels, QSM can be combined with a quantitative blood 

oxygen level-dependent magnitude (qBOLD) technique (QSM+qBOLD or QQ) to assess the 

oxygen extraction fraction (OEF).24–28 The OEF is a physiologic marker that reflects the 

percentage of oxygen extracted from the arterial supply of the brain, which is associated 

with brain oxygen utilization and metabolism. MR-based OEF mapping has shown high 

agreement with OEF mapping using 15O-PET27,29 and is more easily implemented, since it 

utilizes a routinely available MR sequence without injection of tracers. Clinical feasibility of 

QQ has been shown in the settings of ischemic stroke30,31 and multiple sclerosis.32 As QQ 

further divides voxel-wise susceptibility into the effect of deoxyheme iron in a cylindrical 

micron-scale venule (OEF effect) and that of neural tissue susceptibility (χn) derived from 

diffuse nanoscale ferritin iron in tissue,24 it can provide a comprehensive picture of both 

tissue oxygenation and iron.
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Using QQ technique, we sought to investigate regional differences in brain iron and oxygen 

extraction in clinical cohorts of cognitively impaired and intact older individuals. Since 

older age33 and white matter hyperintensities (WMH)34 are strong predictors of cognitive 

impairment and dementia, we also investigated the effects of these variables on OEF and χn 

in the brain.

Methods:

Subjects and MR Image Acquisition

This study was approved by the Weill Cornell Medicine Institutional Review Board and was 

compliant with the Health Insurance Portability and Accountability Act; written informed 

consent was waived due to the retrospective nature of this study.

Sixty-eight cognitively impaired patients who were referred for an MRI of the brain between 

2017 and 2020 were included in this analysis. These patients were evaluated by a neurologist 

and clinically suspected to have AD based on exclusion of alternative etiologies of 

dementia by neurological examination, neuropsychological assessment, laboratory data, and 

MRI. To confirm probable AD, fifty patients (74%) underwent an FDG-PET scan, which 

demonstrated a temporoparietal pattern of hypometabolism, with regional standardized 

uptake values measuring more than two standard deviations below normal, as compared 

to a normative database of individuals of a similar age (syngo.via software, Siemens 

Healthineers). Of these fifty, ten had abnormal cognitive scores on the Montreal Cognitive 

Assessment (MoCA),35 nine on the Mini-Mental State Examination (MMSE),36 fifteen on 

the Short Test of Mental Status (STMS),37 and seven on a combination of verbal and 

visual memory tests; cognitive scores were not available in the medical record for the 

remaining nine, although one had a positive amyloid PET scan and two were noted to be too 

impaired to continue cognitive assessment. Five (7%) of the 68 cognitively impaired patients 

had cerebrospinal fluid (CSF) biomarkers consistent with AD; of these, three patients had 

abnormal MoCA scores, 1 had an abnormal MMSE score, and one had abnormal scores on 

both the MoCA and MMSE. One (1%) of the 68 impaired patients had a positive amyloid 

PET scan, as well as abnormal scores on both the MoCA and MMSE. Twelve (18%) of 

the 68 impaired patients had an MRI without FDG or amyloid PET; seven of these had 

abnormal MoCA scores, two had abnormal MMSE scores, 1 had an abnormal STMS score, 

and two had abnormal scores on multiple verbal and visual memory tests.

Thirty-two age-matched individuals who presented with headaches during the same time 

period and were presumed to have no history of cognitive symptoms were included as 

cognitively intact controls. Review of medical records also confirmed the absence of 

exclusion criteria including other neurological and systemic disorders that could affect the 

brain, including traumatic brain injury, territorial infarcts, epilepsy, cancer, hydrocephalus, 

history of birth injury, major depression and other psychiatric disorders, use of illicit 

substances, chronic kidney disease, and liver disease.

All patients underwent MR imaging on a 3 Tesla scanner (Skyra, Biograph mMR, Siemens 

Healthcare; Discovery 750w, Signa HDxt, GE Healthcare, Milwaukee, Wisconsin), which 

included a 3D T1-weighted sequence reconstructed at 1 mm slice thickness [Repetition 
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time (TR)/ Echo time (TE) 9/3 milliseconds with a flip angle of 15 degrees or TR/TE 

600/11 milliseconds with a flip angle of 120 degrees], a 3D T2 fluid-attenuated inversion 

recovery (FLAIR) sequence reconstructed at 1 mm slice thickness (TR/TE 6300–8500/394–

446 milliseconds, flip angle 120 degrees), and a 3D T2*-weighted multiecho gradient echo 

(mGRE) sequence (TR 49 milliseconds, TE1/ΔTE/TE10 6.7/4.1/43.2 milliseconds flip angle 

15 degrees, voxel size 0.72×0.72×3 mm3). The mGRE sequence was acquired with flow 

compensation in the x and z directions, but not the y direction.

Image analysis

QSM was reconstructed by estimating the total field via a nonlinear fit of mGRE,38 

calculating the local field by the Projection onto Dipole Fields (PDF) method,39 and 

computing susceptibility with the Morphology Enabled Dipole Inversion with automatic 

uniform CSF zero reference (MEDI+0) algorithm.14,18,40,41 Our standard QSM processing 

excludes voxels that are 5mm from the outside boundary of the brain to minimize 

background field contamination into the QSM/OEF maps, typically from calvarium. In 

addition, voxels with an R2*>100 Hz or <2.5 Hz are excluded because these are mainly 

cerebrospinal fluid.

OEF and χn maps were estimated from QSM and mGRE magnitude using the QQ 

algorithm.24,25,27 QQ combines two biophysics models of mGRE data: 1) a QSM processing 

of phase data to distinguish the susceptibility contribution of venous blood from that of 

neural tissue on a voxel level,42–44 and 2) qBOLD modeling of the mGRE magnitude signal 

decay by the intravoxel magnetic field variation caused by the susceptibility difference 

between cylindrical venous blood and surrounding tissue.45–47 For robust OEF estimation 

against measurement noise, the inverse condition of the QQ model was improved using 

similar OEF for the same tissue composition voxels with similar mGRE signal evolution25 

based on tissue segmentation into gray matter/white matter/CSF subclusters on T1-weighted 

image using FSL FAST algorithm,48 and using sparsity in space and time,27 OEF was 

reported as a decimal from 0 to 1 (unitless) and the unit of χn was parts per billion (ppb).

3D T1-weighted sequences were co-registered to the QSM maps to obtain global measures 

of tissue susceptibility and OEF, including cortical gray and white matter. In addition, 

Freesurfer49 was used to segment the brain regions on the 3D T1-weighted images, and 

the region labels were then applied to the QSM maps. Bilateral regions were averaged. A 

priori, 20 brain regions that have previously been shown to be affected by AD and/or iron 

abnormalities were included in the analyses.4,50,51 Specifically, we focused on temporal 

and parietal lobe regions that are commonly considered “AD signature” regions due to 

involvement by AD pathology, including the hippocampus, amygdala, superior, middle, and 

inferior temporal gyri, fusiform gyrus, posterior cingulate, isthmus cingulate, precuneus, 

superior and inferior parietal lobes, and supramarginal gyrus.4,50,52 In addition, we included 

the basal ganglia and frontal lobe regions, including the superior, caudal middle, and rostral 

middle frontal gyri, since these regions have been reported to show abnormal iron deposition 

by QSM and amyloid deposition on PET.4,51

WMH lesions were segmented using a deep-learning approach with a convolutional neural 

network.53 3D T2 FLAIR sequences were registered to the QSM maps. These white matter 
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lesion masks were then manually edited. We used the volume fraction of WMH relative to 

whole brain as the measure of WMH burden in the analyses.

Statistical Analysis

All statistical analyses were programmed in STATA version 16 (StataCorp, College Station, 

TX). Comparisons of baseline variables among groups were performed using the Wilcoxon 

rank-sum test and Fisher exact test, depending on the type and distribution of the variables.

To assess the relationship between age and OEF or χn, we used ordinary least squares 

regression analyses, with OEF or χn, by region, as the outcome variable and age as the 

predictor variable. To assess the relationship between WMH and OEF or χn, we used 

ordinary least squares regression analyses, with OEF or χn, by region, as the outcome 

variable and WMH as the predictor variable. These analyses were performed in both groups.

To assess differences in OEF and χn between the cognitively impaired and cognitively 

intact groups, we used multivariate regression analysis. OEF or χn was used as the outcome 

variable, by region, and presence of cognitive impairment was included as the predictor 

variable. Age and WMH burden were included as covariates. A p-value of less than 0.05 

was considered statistically significant. To adjust for multiple comparisons, the Benjamini-

Hochberg method was used to obtain adjusted p-values.54

Results:

Subject characteristics are presented in Table 1. There were no significant group differences 

in age or sex distribution, although the cognitively impaired had a higher WMH burden.

Age showed associations with oxygen extraction in the cognitively intact group

In the cognitively intact group, individuals below the median age had a mean whole brain 

OEF of 0.26 ± 0.045, compared to 0.22 ± 0.053 in individuals above the median age. By 

regression analysis, older age was associated with decreased OEF in the whole brain (p = 

0.014) and cortical gray matter (0.021), but not the white matter (0.12), even after excluding 

WMH (p = 0.13).

By region, older age was associated with decreased OEF in the frontal lobe gyri (p = 

0.017–0.046), superior parietal lobules (p = 0.012), posterior/isthmus cingulate (p = 0.035, 

0.025), precuneus (p = 0.031), supramarginal gyri (p = 0.025), inferior temporal gyri (p 

= 0.012), and fusiform gyri (p = 0.039) (Figures 1 and 2), but not deep gray nuclei (p > 

0.05). After correction with multiple comparisons, there was only a trend for decreased OEF 

in the superior frontal gyri, hippocampi, and fusiform gyri (adjusted p = 0.08, 0.09, 0.09, 

respectively).

In the cognitively impaired cohort, individuals below the median age had a mean whole 

brain OEF of 0.24 ± 0.047, compared to 0.22 ± 0.042 in individuals above the median age. 

By regression analysis, age was not associated with OEF in the whole brain (p = 0.07), 

cortical gray matter (p = 0.26), or white matter (p = 0.17). Similarly, age was not associated 

with OEF in most frontal, parietal, and temporal lobe regions (p > 0.05). However, older age 
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was associated with decreased OEF in the hippocampus (p = 0.027) and caudate (p = 0.014), 

although adjusted p-values after correction for multiple comparisons were not significant 

(adjusted p = 0.31, 0.32, respectively).

White matter hyperintensity burden showed associations with oxygen extraction in the 
cognitively impaired group

In the cognitively intact group, individuals with a WMH burden below the median had a 

mean whole brain OEF of 0.25 ± 0.054, compared to 0.23 ± 0.049 in individuals with a 

WMH burden above the median. WMH burden was not associated with OEF in the whole 

brain (p = 0.43), cortical gray matter (p = 0.67), white matter (p = 0.41), or any brain region 

(Figures 1 and 2).

In the cognitively impaired cohort, individuals with a WMH burden below the median had 

a mean whole brain OEF of 0.24 ± 0.046, compared to 0.22 ± 0.043 in individuals with a 

WMH burden above the median. Increasing WMH burden was associated with decreased 

OEF in the white matter (p = 0.026), but not in the whole brain (p = 0.06) or in cortical 

gray matter (p = 0.14). By region, increasing WMH burden was associated with decreased 

OEF in the hippocampus (p = 0.011), superior temporal gyri (p = 0.026), and caudate nuclei 

(p < 0.001). The association between WMH burden and OEF in the caudate persisted after 

adjustment for multiple comparisons (adjusted p = 0.0026). There were no associations 

between WMH and OEF in other brain regions (p > 0.05).

Age and white matter hyperintensity burden showed mild regional associations with tissue 
susceptibility in temporoparietal regions in the cognitively impaired

Associations between age and WMH burden and regional tissue susceptibility, as measured 

by χn, are shown in Figure 3.

In the cognitively impaired, individuals below the median age had a cortical gray matter 

χn of −9.47 ± 5.47, compared to −7.79 ± 5.35 ppb for individuals above the median age. 

There was no association between increasing age or WMH burden and χn in the cortical 

gray matter (p = 0.11, 0.33, respectively).

By region, increasing age was associated with higher χn in the posterior/isthmus cingulate 

(p = 0.028, p=0.001), superior temporal gyri (p = 0.011), inferior temporal gyri (p = 0.017), 

putamen (p = 0.009), and pallidum (p = 0.032). The association between age and χn in 

the isthmus cingulate persisted after adjusting for multiple comparisons (adjusted p = 0.02), 

whereas trends were seen between age and superior temporal gyri, putamen, and inferior 

temporal gyri (adjusted p = 0.07, 0.09, 0.09, respectively).

Individuals with a WMH burden below the median had a χn of −9.76 ± 5.26, compared 

to −8.30 ± 5.92 for individuals with a WMH above the median. Increasing WMH burden 

was associated with higher brain iron levels in the isthmus cingulate (p = 0.006), superior/

middle/inferior temporal gyri (p = 0.029, 0.007, 0.025), and the caudate nuclei (p = 0.004). 

The association between WMH burden and χn of the middle temporal gyri persisted 

after adjustment for multiple comparisons (adjusted p = 0.047), whereas trends were seen 
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between WMH burden and χn of the isthmus cingulate and caudate (adjusted p = 0.06, 

0.08).

In the cognitively intact cohort, there were no significant associations between age or WMH 

burden and tissue susceptibility (p > 0.05). Individuals below the median age had a χn of 

−12.79 ± 8.27, compared to −14.41 ± 7.19 for individuals above the median age. Individuals 

with a WMH burden below the median had a χn of −13.01 ± 8.39, compared to −14.19 ± 

7.10 for individuals with a WMH above the median.

Cognitively impaired subjects had higher regional tissue susceptibility and higher oxygen 
extraction than cognitively intact subjects

In multivariate regression analyses, adjusting for age and WMH, cognitive impairment 

was associated with higher OEF in the cortical gray matter (p < 0.001), but was not 

associated with OEF in the whole brain (p = 0.97) or white matter (p = 0.61). Cognitive 

impairment was also associated with higher OEF in the frontal lobe gyri (p < 0.001), 

superior and inferior parietal lobules (p < 0.001), posterior cingulate/precuneus (p < 0.001), 

isthmus cingulate (p = 0.01), and superior (p < 0.001) and middle temporal lobe gyri 

(p = 0.048) (Figure 4). After adjustment for multiple comparisons, associations between 

cognitive impairment and OEF persisted in the frontal lobe gyri (adjusted p < 0.001), 

parietal lobe regions including the posterior cingulate and precuneus (adjusted p < 0.001), 

isthmus cingulate (adjusted p = 0.02), and superior temporal gyri (p < 0.001).

Cognitive impairment was associated with higher χn in the cortical gray matter (p = 0.005), 

adjusted for age and WMH burden. Cognitive impairment was associated with higher tissue 

susceptibility in frontal lobe gyri (ranging from p < 0.001 to 0.017), superior and inferior 

parietal lobules (p < 0.001), supramarginal gyri (p = 0.01), precuneus (p = 0.009), superior 

temporal lobe gyri (p = 0.037), pallidum (p = 0.002) and putamen (p = 0.027). After 

adjustment for multiple comparisons, associations between cognitive impairment and χn 

persisted in the frontal lobe gyri (adjusted p ranging from < 0.001 to 0.038), parietal lobe 

regions (adjusted p ranging from < 0.001 to 0.03), and pallidum (p = 0.007).

Discussion:

Our study investigated the effects of age and WMH burden on brain OEF and tissue 

susceptibility in cognitively impaired and cognitively intact clinical patients. Our first major 

finding was that age showed associations with OEF in the cognitively intact patients, 

whereas WMH burden showed associations with OEF in the cognitively impaired patients. 

Secondly, we found that both age and WMH burden showed regional associations with brain 

χn in the cognitively impaired patients, but not in the cognitively intact. Finally, we found 

that cognitively impaired patients had higher OEF and brain χn compared to the cognitively 

intact subjects.

The first major finding was that older age showed associations with decreased OEF in the 

cognitively intact rather than impaired group. Older age is known to be a strong predictor 

of dementia34 and the pathological hallmark of disease, beta-amyloid plaques, also increases 

in parallel with age.55 One can consider OEF a measure of metabolic function in the brain, 
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since extraction and utilization of oxygen is required for aerobic metabolism. Thus, either 

due to the presence of increasing beta-amyloid or other cellular and environmental stresses 

related to aging, it is not surprising that neuronal function, as assessed by OEF, would 

decrease with older age. This is compatible with prior articles that used PET and reported 

decreased OEF in neocortical areas with increasing age.56,57 However, this differs from an 

MR study that measured global rather than regional OEF using the superior sagittal sinus58 

and another study that found no significant association between age and OEF.59 These 

inconsistent findings may be due to differences in technique, since regional decreases are 

suppressed in global measurements, and differences in cohort selection, such as including 

subjects much younger than 50 years of age. Of note, cerebral blood flow is known 

to decrease with age.60 However, in a setting of low cerebral perfusion, OEF typically 

increases as a compensatory measure to maintain cerebral metabolism,61 so we do not 

believe the observed OEF decrease is related to decreased cerebral blood flow. Interestingly, 

age was not significantly associated with OEF in our cognitively impaired group in most 

brain regions. It is possible that once cognitive impairment is present, age-related effects 

are overshadowed by disease-related effects on brain oxygen utilization, such as detrimental 

effects from beta-amyloid plaques and phosphorylated tau on mitochondria.62,63 Notably, 

older age was associated with decreased OEF in the hippocampus, even in cognitively 

impaired subjects, which suggests that age-related changes continue to have detrimental 

effects on the hippocampus, which is known to show accelerated atrophy with ongoing 

cognitive impairment.64

The second major finding was that, unlike age, WMH showed associations with OEF in the 

cognitively impaired group. A prior pathological study reported that WMH are associated 

with vascular pathology in cognitively normal individuals, whereas WMH are associated 

with AD pathology in cognitively impaired individuals.65 It is likely that, our cognitively 

intact group did not have severe enough vascular disease to cause changes in the OEF, in the 

absence of AD pathology. On the other hand, the cognitively impaired group likely already 

had underlying AD pathology, and superimposed vascular disease could have contributed 

to the decline in OEF in already irreversibly damaged brain tissue. This finding thus lends 

credence to the idea of a two-hit hypothesis of AD, such that vascular disease combines with 

preexisting AD pathology to cause a significant decline in OEF,66 rather than either process 

alone. Also of note, whole white matter OEF decreased with increasing WMH burden, 

which is compatible with a prior study reporting decreased tissue oxygenation in WMH.67

The third major finding was that both age and WMH burden showed mild regional 

associations with χn in the cognitively impaired, but not in the cognitively intact group. 

Although a prior study reported an association between increasing age and iron levels, 

particularly in motor and premotor areas,68 we did not find this association in our 

cognitively intact group. Our χn parameter is believed to measure tissue contribution to 

total susceptibility within a voxel that is not in a blood vessel, just as a vein. In our 

cognitively impaired group, this tissue susceptibility could result from iron deposition, 

possibly accompanying AD pathology,3–5,51,69,70 or myelin breakdown and loss, due to 

aging and/or neurodegeneration.71–73 The association between WMH burden and χn in 

the cognitively impaired is also consistent with prior literature suggesting that WMH are 

associated with beta-amyloid plaques in AD, since iron can be found in amyloid plaques and 
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contribute to tissue susceptibility.65 Another study suggested an inverse relationship between 

cerebral blood flow and brain iron deposition,74 possibly due to myelin breakdown and 

loss in the face of declining cerebral blood flow, leading to release of iron by degenerating 

oligodendrocytes and myelin.71–73

Finally, we found that cognitively impaired subjects had higher regional χn and higher OEF 

than cognitively intact subjects, adjusted for age and WMH burden. The finding of higher 

χn in the cognitively impaired is consistent with prior literature demonstrating increased 

iron among individuals with AD.4,5,75,76 Both pathological and imaging studies have 

demonstrated that iron colocalizes with beta-amyloid plaques.9–13,69,77 Although amyloid 

PET was not performed on our clinical cohort, it is highly likely that many of these 

cognitively impaired patients had brain amyloidosis, which could in turn explain higher 

levels of brain iron. In addition, myelin breakdown has been implicated in AD and other 

neurodegenerative disorders72 and could also contribute to release of iron, increasing χn. 

The finding of elevated OEF in the cognitively impaired patients was surprising. Prior 

studies investigating OEF in AD have been conflicting, with some showing increased OEF 

in the temporal and parietal cortices,78–80 as well as the white matter,79 whereas others 

have reported decreased OEF.81–83 The conflicting findings in the literature may reflect 

early versus late changes in AD. Some have postulated that decreased cerebral blood flow 

from capillary dysfunction could lead to an early compensatory rise in OEF,58,84,85 similar 

to the increased OEF reported with atherosclerotic stenoses.86 A similar compensatory 

increase in metabolism, as seen on FDG-PET, has also been reported at early stages of 

AD.87–91 Since our cohort of cognitively impaired patients were undergoing MRI primarily 

to exclude other causes of dementia, they were likely early in their disease course. As AD 

progresses, it is likely that OEF will decrease, as neuronal dysfunction leads to impaired 

oxygen metabolism.

Our study had several limitations. First, this was a clinical cohort, so deep phenotyping with 

amyloid or tau PET was not available. As a result, we can only surmise the changes in 

iron and OEF are related to underlying AD pathology, but confirming this in larger cohorts 

will be a focus of future work. Secondly, QSM maps can show susceptibility artifacts along 

the calvarium, including the skull base, but we tried to mitigate these artifacts by excluded 

voxels within 5 mm of the outside boundary of the brain in our standard processing pipeline. 

Finally, our cognitively normal cohort was a convenience sample, established via detailed 

chart review and imaging. However, they did not undergo extensive neuropsychological 

testing to prove normal cognitive function. Nevertheless, we believe that our study provides 

evidence for using both QSM and OEF to better understand pathophysiological changes 

relative to aging, WMH, and cognitive impairment and demonstrates feasibility in clinical 

practice.

In conclusion, higher brain OEF and iron in cognitively impaired older individuals may 

reflect altered oxygen metabolism due to underlying AD pathology, particularly amyloid, 

which is known to colocalize with iron in the brain. Both age and WMH have associations 

with brain iron and oxygen extraction, but are modulated by the presence of cognitive 

impairment.
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Figure 1. 
Oxygen extraction fraction (OEF) and neural tissue susceptibility (χn) maps in 

representative cognitively Intact and impaired subjects. In cognitively intact subjects, OEF 

decreases with older age (A to B). In cognitively impaired subjects, OEF decreases with 

increased burden of white matter hyperintensities (WMH), measured as the volume of WMH 

as a percentage of whole brain volume on a fluid attenuated inversion recovery (FLAIR) 

sequence (C to E, D to F). Of note, OEF increases with cognitive impairment (A to C, B to 

D).
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Figure 2. The relationship between oxygen extraction fraction (OEF) and age (A) and white 
matter hyperintensity (WMH) burden (B) in select brain regions.
The asterisk (*) denotes a significant association (p < 0.05). Yr = year.
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Figure 3. The relationship between neural tissue susceptibility (χn) and age (A) and white matter 
hyperintensity (WMH) burden (B) in select brain regions.
The asterisk (*) denotes a significant association (p < 0.05). ppb = parts per billion, yr=year
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Figure 4. Comparison of oxygen extraction fraction (OEF) (A) and neural tissue susceptibility 
(χn) (B) between cognitively intact and impaired subjects, in select brain regions.
The asterisk (*) denotes a significant association (p < 0.05).
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Table 1.

Differences in baseline variables between the cognitively impaired and intact groups.

Cognitively impaired Cognitively normal P-value*

Number of patients 68 32

Age, years 72 69 0.062

(50–86) (50–87)

[8.4] [9.9]

Sex (female:male) 41:27 23:9 0.37

Volume of T2 FLAIR 1.37 0.58 0.0004*

white matter (0.03–5.6) (0.06–3.1)

hyperintensities as a percentage of total brain volume, % [1.41] [0.69]

Whole brain 0.24 0.25 0.32

oxygen extraction (0.12–0.37) (0.16–0.37)

fraction [0.047] [0.054]

Cortical gray matter −9.03 −13.60 0.0018*

Neural tissue (−0.24–6.06) (−27.99–3.77)

Susceptibility, in parts per billion [5.61] [7.67]

Data shown are means, (range), [standard deviations]

P-value by Wilcoxon rank sum (for continuous variables) and Fisher’s exact test (for sex).

*
p < 0.05

Abbreviation: FLAIR = fluid attenuated inversion recovery
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