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Abstract

Quantitative magnetic resonance imaging (qMRI) enables non-invasive char-

acterization of brain tissue properties and has become increasingly relevant in

post-mortem research. In particular, post-mortem MRI (PMMRI) allows for

high-resolution imaging under controlled conditions, free from motion artifacts

and time constraints, and can be directly correlated with histological and bio-

chemical analyses. Among qMRI parameters, the longitudinal relaxation time

(T1) and its inverse (R1) are sensitive to tissue microstructure, temperature,

and iron content—two key modulators of relaxation processes in biological tis-

sues. This study investigates the effect of these variables on T1 and R1 in

unfixed, in situ human brain tissue.

Thirteen post-mortem subjects were scanned using a 3T MRI system with

a multi-TI turbo spin-echo (IR-TSE) sequence. For each subject, T1 mapping

was performed twice: once at the beginning of the MRI protocol, and once at

the end, to capture any intra-scan changes potentially induced by tissue warm-

ing. Core body temperature was recorded prior to scanning, and regional iron

concentrations were determined post-mortem via inductively coupled plasma

mass spectrometry (ICP-MS). T1 and R1 values were extracted from manually

defined regions of interest in the basal ganglia, cortex, and white matter, se-

lected to match the anatomical locations of the tissue samples used for iron

quantification. The effects of temperature and iron were analyzed using linear

and mixed-effects models.

Results show a significant relationship between T1 and initial body tem-

perature in gray matter regions (cortex and basal ganglia), with weaker or

non-significant trends in white matter. Intra-scan analyses demonstrated a
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consistent increase in T1 from the beginning to the end of the session, likely

due to radiofrequency-induced tissue warming. Iron concentration was signif-

icantly associated with R1 in the basal ganglia; however, subregional analyses

suggested that this effect may be largely driven by region-specific differences

in iron levels rather than a uniform paramagnetic contribution. No consistent

association was found in white matter or cortex.

These findings underscore the importance of temperature control and region-

specific modeling in post-mortem MRI studies. They highlight the complex

interplay between tissue composition, thermal state, and iron in modulating

relaxation dynamics, and support the use of multimodal approaches to improve

interpretation and comparability with in vivo data.

This thesis is the result of an eight-month research period conducted at

the Department of Neurology of the Medical University of Graz (Austria),

where the entire experimental work, data processing, and interpretation were

performed.
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La risonanza magnetica quantitativa (qMRI) consente di caratterizzare in

modo non invasivo le proprietà del tessuto cerebrale e ha assunto un ruolo

sempre più rilevante nella ricerca post-mortem. In particolare, la risonanza

magnetica post-mortem (PMMRI) permette acquisizioni ad alta risoluzione

in condizioni controllate, prive di artefatti da movimento e vincoli temporali,

offrendo la possibilità di correlare direttamente i dati di imaging con analisi

istologiche e biochimiche. Tra i parametri della qMRI, il tempo di rilassamento

longitudinale (T1) e il suo reciproco (R1) risultano sensibili alla microstruttura

tissutale, alla temperatura e al contenuto di ferro: due fattori chiave, spesso

difficili da isolare in vivo. Questo studio analizza l’effetto di tali variabili su

T1 e R1 in tessuto cerebrale umano non fissato, acquisito in situ.

Tredici soggetti post-mortem sono stati sottoposti a scansioni con uno scan-

ner MRI da 3T utilizzando una sequenza turbo spin-echo con inversioni mul-

tiple (IR-TSE). Per ciascun soggetto, la mappatura di T1 è stata effettuata

due volte: all’inizio e alla fine del protocollo di acquisizione, al fine di rile-

vare eventuali variazioni intra-scan dovute al riscaldamento del tessuto. La

temperatura corporea interna è stata registrata prima della scansione, mentre

le concentrazioni regionali di ferro sono state quantificate tramite spettrome-

tria di massa al plasma accoppiato induttivamente (ICP-MS). I valori di T1

e R1 sono stati estratti da regioni di interesse disegnate manualmente nella

corteccia, nei gangli della base e nella sostanza bianca, in corrispondenza delle

aree anatomiche da cui sono stati prelevati i campioni per l’analisi chimica.

Gli effetti della temperatura e del ferro sono stati analizzati mediante modelli

lineari e a effetti misti.

I risultati mostrano un’associazione significativa tra T1 e la temperatura

corporea iniziale nelle regioni di sostanza grigia (corteccia e gangli della base),

mentre nella sostanza bianca le tendenze sono risultate più deboli o non sig-

nificative. Le analisi intra-scan hanno evidenziato un incremento costante di

T1 tra l’inizio e la fine della sessione, verosimilmente dovuto al riscaldamento

indotto dalla radiofrequenza. La concentrazione di ferro è risultata significati-

vamente associata a R1 nei gangli della base; tuttavia, le analisi subregionali

suggeriscono che tale effetto possa dipendere principalmente da differenze re-
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gionali nei livelli di ferro, piuttosto che da un contributo paramagnetico omo-

geneo. Nessuna associazione consistente è stata osservata nella sostanza bianca

o nella corteccia.

Questi risultati sottolineano l’importanza del controllo della temperatura

e della modellizzazione specifica per regione negli studi di risonanza magnetica

post-mortem. Essi mettono in evidenza la complessa interazione tra compo-

sizione tissutale, stato termico e contenuto di ferro nella modulazione della

dinamica di rilassamento, e supportano l’utilizzo di approcci multimodali per

migliorare l’interpretazione dei dati e la loro comparabilità con quelli in vivo.

La ricerca è stata interamente condotta nel corso di otto mesi presso il

Dipartimento di Neurologia della Medical University of Graz (Austria), che ha

messo a disposizione i dati di risonanza magnetica post-mortem e le infrastrut-

ture necessarie alle analisi.
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Chapter 1

Introduction
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Quantitative magnetic resonance imaging (qMRI) has become an indis-

pensable tool for investigating the structural and biochemical properties of

brain tissue, both in clinical and research contexts. Among qMRI parame-

ters, the longitudinal relaxation time (T1) and its inverse (R1) are widely used

to probe microstructural and compositional features of the brain, offering in-

sight into physiological and pathological processes such as myelination, water

content variation, and possibly iron accumulation [1, 2, 3, 4].

In recent years, post-mortem MRI (PMMRI) has gained increasing rele-

vance as a complementary approach to in vivo imaging, enabling high-resolution

acquisitions under controlled conditions and facilitating direct correlation with

histological and biochemical analyses. PMMRI is particularly suited for ex-

ploring factors that modulate relaxation properties, such as temperature and

iron content, which may be difficult to isolate in living subjects. However, the

interpretation of T1 (and R1) values in post-mortem settings is complicated by

a range of variables, including tissue degradation, absence of thermoregulation,

and altered metabolic states [5, 6, 7].

Temperature is a critical determinant of relaxation behavior in biological

tissues [8, 9, 10]. In the absence of active heat dissipation, post-mortem sam-

ples are subject to RF-induced heating [11] and passive equilibration toward

room temperature [12] during MRI acquisition. This thermal drift can lead

to significant changes in T1 values over the course of a scan and must be ac-

counted for in both experimental design and data interpretation. Furthermore,

differences in initial temperature across subjects may affect inter-individual

comparisons, especially when extrapolating T1 to physiological values in vivo.

Iron is another key modulator of relaxation, particularly relevant in deep

gray matter structures where it is higher than in other tissues [1, 13, 14].

Its paramagnetic properties influence local magnetic field inhomogeneities,

thereby enhancing proton relaxation [15]. However, the relationship between

iron and R1 is complex and may be confounded by other tissue-specific factors,

such as myelin content, compartmentalization, water content, or temperature

[1, 16, 17].

This thesis investigates how temperature and iron concentration influence
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longitudinal relaxation in unfixed, in situ post-mortem human brain tissue.

By combining quantitative MRI with inductively coupled plasma mass spec-

trometry (ICP-MS) measurements of regional iron levels, this study aims to

characterize the biophysical mechanisms underlying relaxation variability and

to assess the robustness of T1 under post-mortem conditions.

Specifically, the objectives of this work are:

• To evaluate the effect of temperature on T1 values across major brain

regions using regression models;

• To assess intra-scan changes in T1 as an indirect marker of tissue warming

during MRI acquisition;

• To explore the relationship between iron concentration and R1, both at

regional and subregional levels, using linear and mixed-effects models.

The thesis is organized as follows. Chapter 2 provides a theoretical back-

ground on T1 relaxation mechanisms, the role of temperature and iron in MRI,

and the specific characteristics of post-mortem imaging. Chapter 3 describes

the experimental methods, including subject selection, MRI acquisition pro-

tocols, T1 mapping, iron quantification, and statistical analyses. Chapter 4

presents the results of temperature and iron analyses, while Chapter 5 discusses

their physiological and methodological implications. The work concludes with

a synthesis of findings and future research directions.
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Chapter 2

Theory and State of the Art
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Magnetic Resonance Imaging (MRI) is an advanced non-invasive imaging

technique widely used in both clinical and research fields to obtain detailed

information about the structure and composition of biological tissues, particu-

larly within the central nervous system. MRI provides high-resolution images

without the use of ionizing radiation, making it especially valuable for studying

the human brain in vivo, due to its safety profile and non-destructive nature

[18].

In recent years, MRI has also become increasingly relevant in postmortem

studies, providing new insights into tissue microstructure and pathology under

controlled experimental conditions [6]. These postmortem approaches enable

detailed examinations that are otherwise challenging in vivo, due to practical,

ethical, or methodological constraints.

Quantitative MRI parameters, such as T1, T2, T ∗
2 and Magnetization Transfer

Ratio (MTR), are routinely employed to investigate the physical and biological

characteristics of brain tissue [19]. These parameters are influenced by several

biological factors, including myelin content, iron deposition, and water concen-

tration, whose variations significantly modulate the MRI signal. Additionally,

temperature plays a significant role in modulating these MRI parameters by

affecting molecular mobility and proton relaxation mechanisms [20].

A thorough understanding of how these factors modulate the MRI signal is cru-

cial for interpreting tissue properties and identifying abnormalities associated

with various neurological disorders [21, 22, 23].

2.1 T1 Longitudinal Relaxation Time

Physical Basis of Longitudinal Relaxation

The longitudinal relaxation time, denoted as T1, is a fundamental parameter

in magnetic resonance imaging (MRI) that describes the rate at which nuclear

magnetization returns to its equilibrium state along the direction of the static

magnetic field B0 after perturbation by a radiofrequency (RF) pulse. This

energy exchange process between the spin system and its molecular environ-
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ment—commonly referred to as the lattice—is known as spin-lattice relaxation.

When RF radiation is applied at or near the Larmor frequency, it perturbs

the magnetization from its equilibrium alignment. Once the RF pulse is turned

off, the system relaxes back to equilibrium, releasing the absorbed energy. This

recovery of the longitudinal magnetization Mz follows an exponential behavior

governed by T1. In absence of further perturbations, the evolution of Mz is

described by the Bloch equation:

dMz(t)

dt
=

M0 −Mz(t)

T1

(2.1)

where Mz(t) is the longitudinal component of the net magnetization at

time t, M0 is the equilibrium magnetization along the static magnetic field B0,

and T1 is the longitudinal relaxation time. This first-order differential equation

describes the exponential recovery of Mz toward its equilibrium value after RF

excitation. The mono-exponential recovery of the longitudinal magnetization

is given by:

Mz(t) = M0

(︁
1− e−t/T1

)︁
(2.2)

The theoretical recovery curve shown in Figure 2.1 demonstrates the ex-

ponential return of Mz(t) toward equilibrium. By convention, the time point

at which Mz(t) reaches 63% of its final value is defined as the longitudinal re-

laxation time T1. This definition reflects the characteristic timescale of energy

transfer from the spin system to its molecular environment.

At the microscopic level, longitudinal relaxation arises from the interaction

between nuclear magnetic moments (spins) and fluctuating magnetic fields

in their molecular environment. These fluctuations are primarily caused by

random rotational and translational motions of molecules that modulate the

local magnetic field experienced by each spin. The energy exchange with the

lattice occurs efficiently only when the frequency of these fluctuations matches

the Larmor frequency ω0 of the nuclear spin.

This process is described in quantum mechanical terms as a transition

between energy states of the spin system, mediated by dipole-–dipole coupling.
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Figure 2.1: Normalized exponential recovery of the longitudinal magnetization
Mz(t)/M0 as a function of time, expressed in units of the longitudinal relax-
ation time T1. The red dot marks the point at t = T1, where the magnetization
reaches 63% of its equilibrium value.

The probability of such transitions depends on the spectral density J(ω0) of

the local magnetic field fluctuations at ω0. Relaxation is most efficient when

the characteristic timescale of molecular motion, given by the correlation time

τc, satisfies the condition ω0τc ≈ 1. If molecular motion is too fast (ω0τc ≪ 1)

or too slow (ω0τc ≫ 1), energy exchange becomes inefficient, resulting in longer

T1 values.

The rate of longitudinal relaxation thus depends on the efficiency of dipole-

–dipole interactions between water protons and nearby molecules, making T1

a sensitive marker of water mobility, molecular binding, and tissue microstruc-

ture. This principle explains why tissues with restricted water mobility—such

as myelinated white matter—generally exhibit shorter T1 values due to more

effective spin-lattice coupling.

T1 Mapping via Inversion Recovery

A widely used and robust technique for measuring longitudinal relaxation times

in MRI is the inversion recovery (IR) sequence. This method provides accurate
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T1 estimates and is considered the gold standard for quantitative T1 mapping.

In IR sequences, the longitudinal magnetization is initially inverted by ap-

plying a 180◦ radiofrequency (RF) pulse, which flips the magnetization vector

from +M0 to −M0. Following this inversion, the system is allowed to recover

towards equilibrium along the z-axis for a variable inversion time (TI), after

which a 90◦ pulse is applied to bring the partially recovered magnetization

into the transverse plane. The resulting signal–commonly acquired as a free

induction decay (FID)–is proportional to the z-component of magnetization

at time TI.

The measured signal as a function of inversion time follows the expression:

S(TI) = S0

(︁
1− 2e−TI/T1

)︁
(2.3)

where S(TI) is the signal at inversion time TI, S0 is the fully recovered equi-

librium signal, and T1 is the longitudinal relaxation time. The factor 2.0

arises from the assumption of a perfect 180◦ inversion pulse. In practice,

deviations from this ideal condition—such as RF pulse imperfections or B1

inhomogeneities—can lead to reduced inversion efficiency. For this reason, the

factor is often treated as a fit parameter (e.g., α), yielding a generalized form

of the recovery equation:

S(TI) = S0

(︁
1− αe−TI/T1

)︁
(2.4)

where α is typically close to 2 and reflects the effective inversion efficiency.

By repeating the sequence across multiple TI values and fitting the result-

ing signal curve to the equation above, it is possible to accurately estimate

T1. To ensure full magnetization recovery between acquisitions, a repetition

time (TR) of at least 5T1 is typically used, making the method relatively

time-consuming. However, its accuracy and straightforward biophysical inter-

pretation make it particularly suitable for quantitative studies.

Figure 2.2 illustrates the signal recovery process in an inversion recovery

sequence, showing both the theoretical curve and simulated measurements at
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Figure 2.2: Illustration of the variation in signal amplitude as a function of
inversion time (TI) in an inversion recovery (IR) sequence. Following a 180◦ RF
pulse at t = 0, the longitudinal magnetization inverts from +M0 to −M0 and
then recovers exponentially toward equilibrium. The black curve represents the
theoretical signal model S(TI) = S0(1− 2e−TI/T1), while red points illustrate
simulated measurements for visual demonstration.

different inversion times.

T1 in Different Brain Tissues

T1 values vary considerably across brain tissues due to differences in water con-

tent and macromolecular density. The presence of paramagnetic substances,

such as iron, may also contribute to longitudinal relaxation, although their

effects can be complex and region-dependent. These microstructural char-

acteristics influence spin–lattice interactions and contribute to intrinsic MRI

contrast.

White matter has shorter T1 values, primarily due to its high myelin

content. Myelin creates a structured microenvironment that restricts water

mobility and enhances dipole–dipole coupling, accelerating longitudinal relax-

ation [24]. At 3T, typical white matter T1 values are around 838 ± 50 ms

[25].

9



0.00

0.25

0.50

0.75

1.00

0 1000 2000 3000 4000 5000
Time (ms)

M
z(t

)
M

0

CSF

Gray matter

White matter

Figure 2.3: Simulated longitudinal magnetization recovery curves Mz(t)/M0

for cerebrospinal fluid (CSF), gray matter (GM), and white matter (WM),
modeled using the standard exponential recovery function. The T1 values used
correspond to those reported at 3T: 838 ms for white matter, 1607 ms for
gray matter, and 4200 ms for CSF. The dashed line marks the 63% recovery
threshold, which by definition corresponds to one T1.

Gray matter shows intermediate T1 values, influenced by moderate macro-

molecular density and iron deposition. Paramagnetic iron shortens T1 by in-

creasing local magnetic field inhomogeneities [19]. At 3T, cortical gray matter

and deep nuclei exhibit T1 values of approximately 1607±112 ms and 1363±58

ms, respectively [26].

Cerebrospinal fluid (CSF) has the longest T1 values, due to its high

free water content and low interaction with macromolecules. Typical values at

3T range from 3900 to 4426 ms [27].

To visually illustrate these differences, Figure 2.3 shows the simulated re-

covery curves of longitudinal magnetization for white matter, gray matter, and

CSF using the typical T1 values reported above. The exponential nature of T1

relaxation is evident, as well as the progressively slower recovery in tissues with

longer T1. The dashed line marks the 63% recovery threshold, corresponding

to one time constant T1.
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Biological and Pathological Modulation of T1

In biological tissues, T1 is modulated by several factors: water content, molec-

ular mobility, water binding to macromolecules, and local magnetic field het-

erogeneities. Changes in these parameters under pathological conditions can

alter the T1 value significantly.

In multiple sclerosis (MS), acute lesions with vasogenic edema and inflam-

mation show prolonged T1, due to increased water content. Chronic lesions,

where myelin loss predominates, also exhibit elevated T1 values. Conversely,

the rim of active MS lesions may present reduced T1 because of debris accumu-

lation acting as relaxation centers. Similarly, T1 is increased in brain tumors

and areas of inflammation, whereas iron accumulation (e.g., in Parkinson’s

disease) shortens T1 due to paramagnetic effects.

Clinical Relevance of T1 Mapping

Beyond its role in characterizing tissue composition, T1 mapping has gained

increasing attention in both clinical and research settings as a quantitative

imaging biomarker. Changes in T1 relaxation times can indicate pathological

alterations such as demyelination, edema, gliosis, or abnormal iron deposition.

As a non-invasive and contrast-free technique, T1 mapping is particularly

valuable in longitudinal studies, allowing for the monitoring of disease progres-

sion and therapeutic response across a wide range of neurological disorders,

including multiple sclerosis, Alzheimer’s disease, and brain tumors [19].

Moreover, in dynamic contrast-enhanced studies, the presence of paramag-

netic contrast agents such as Gd-DTPA significantly reduces T1 by increasing

local relaxation rates. This property enables quantitative monitoring of con-

trast agent concentration and has been employed to assess blood–brain barrier

integrity and cerebral perfusion.
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2.2 R1 Longitudinal Relaxation Rate

Definition and Modeling Relevance

The longitudinal relaxation rate, R1, is defined as the inverse of the T1 relax-

ation time:

R1 =
1

T1

(2.5)

The recovery of magnetization can equivalently be described in terms of

R1 as:

Mz(t) = M0

(︁
1− e−R1·t

)︁
(2.6)

While T1 is commonly used to describe physical tissue properties, express-

ing longitudinal relaxation as a rate (R1) is often advantageous in quantitative

modeling and regression analyses, as it allows for linear relationships with

underlying tissue components. In particular, the effect of iron accumulation

on relaxation can be modeled by assuming an additive contribution to the

relaxation rate:

R1 = R1,0 +R1,C · [Fe] (2.7)

where R1 is the observed longitudinal relaxation rate, R1,0 is the baseline

rate in the absence of excess iron, R1,C is the effective longitudinal relaxivity

(slope) relating iron content to R1, and [Fe] is the tissue iron concentration.

This linear model is used in relaxometry to quantify the specific contribution

of paramagnetic species such as iron to R1, and forms the basis for regression-

based estimation of tissue iron content.

Factors Influencing R1

SinceR1 is mathematically derived from T1, it is influenced by several biological

and physical parameters, including water mobility and compartmentalization,

macromolecular binding, myelin content, the presence of paramagnetic species
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(e.g., iron), and temperature.

Notably, iron and myelin shorten T1 via distinct mechanisms: iron acceler-

ates spin-lattice relaxation through local magnetic field inhomogeneities, while

myelin reduces water mobility and enhances dipole–dipole interactions.

These mechanisms are particularly relevant in post-mortem imaging, where

altered temperature and lack of perfusion can modify relaxation dynamics.

Clinical Applications

Understanding R1 differences across brain tissues is essential for quantitative

MRI, as it enables the identification of healthy versus pathological tissue states.

Alterations in R1 can serve as valuable biomarkers for a variety of conditions

characterized by structural or biochemical changes, such as demyelination,

inflammation, and neurodegeneration.

Quantitative R1 mapping has been used to non-invasively assess tissue in-

tegrity, detect subtle pathological changes, and monitor disease progression

in neurological disorders including multiple sclerosis, Alzheimer’s disease, and

Parkinson’s disease [19]. As both myelin and iron influence R1, it is considered

a composite marker reflecting multiple microstructural features. However, dis-

entangling their respective contributions remains a challenge in quantitative

MRI. In particular, the effect of iron on R1 is modulated by several factors,

including myelin content, tissue microstructure, and the presence of patho-

logical changes. While increased iron levels may locally enhance R1, similar

changes can also arise from demyelination, edema, or other tissue alterations.

This complexity makes interpretation of R1 values challenging and the subject

of ongoing research.

2.3 Post-Mortem MRI

Post-mortem MRI (PMMRI) has emerged as a valuable tool in forensic and

biomedical research, offering a non-invasive alternative or complement to con-

ventional autopsy, e.g. the investigation of trauma victims [28, 29]. It also
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serves as a powerful bridge between in vivo neuroimaging and histological

validation [30], enabling the acquisition of ultra-high-resolution images under

controlled conditions, free from motion artifacts and scan time constraints that

are inherent to in vivo imaging [31]. These advantages allow for extended ac-

quisition protocols with high signal-to-noise ratio (SNR), particularly when

using ultra-high-field scanners [32, 33, 34]. Such features make PMMRI espe-

cially suitable for studying the microstructural and biochemical underpinnings

of MRI contrast mechanisms, with potential implications for the development

of imaging biomarkers in neurodegenerative diseases.

The primary goal of PMMRI is to replicate as closely as possible the image

contrast observed under in vivo conditions. However, this goal is challenged by

several technical and biological limitations inherent to the post-mortem setting.

There are three main approaches for post-mortem brain MRI acquisition: (i)

in situ MRI of the intact body, (ii) ex vivo MRI of the extracted brain, and

(iii) MRI of individual brain slices. The last two can be performed either on

unfixed or fixed tissue. The choice of method significantly influences image

quality, as well as the interpretability and generalizability of results.

Several factors impact the success of a post-mortem MRI study, begin-

ning with the biological processes that occur after death. Autolysis and tissue

degradation lead to an increase in water content and a reduction in pH, both

of which alter the tissue’s composition and microstructural properties. In

particular, the drop in pH—mainly caused by lactic acid accumulation due

to anaerobic glycolysis—can affect protein conformation, membrane integrity,

and water–macromolecule interactions. Although pH was not directly mea-

sured, Tashiro et al. [7] suggest that reduced pH contributes to the prolongation

of T2 observed in post-mortem brain tissue, in agreement with similar findings

in animal models [35]. However, no direct correlation between reduced pH

and T1 has been reported, and its influence on longitudinal relaxation remains

unclear, likely being negligible compared to the dominant effects of tempera-

ture and tissue hydration. These biochemical changes, together with increased

water content and decreased temperature, significantly impact MRI contrast

and quantitative parameters.
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The post-mortem interval (PMI)—the period between death and MRI

acquisition—is a particularly influential factor, as a longer interval allows for

more pronounced degradation processes that can distort the MRI signal.

In addition to PMI, the preparation of tissue is a key consideration. Whole

extracted brains or brain slices can be measured in either unfixed or fixed

conditions, with fixation solutions influencing both the contrast and quan-

titative MR parameters [9, 36, 37]. In particular, chemical fixation using

formaldehyde alters tissue biochemistry and microstructure, modifying relax-

ation times, diffusion properties, and susceptibility effects [36, 38, 39]. This

process differs substantially from thermal changes: while fixation induces long-

term alterations through cross-linking of proteins and membrane stabilization

[40], temperature-related changes are dynamic and reversible, primarily mod-

ulating water mobility and relaxation behavior. It is therefore essential to

distinguish between these two types of effects when designing and interpreting

post-mortem MRI studies.

Another critical factor is temperature, which profoundly influences tissue

biophysics and MRI signal characteristics. Unlike in vivo conditions—where

tissue heating caused by radiofrequency (RF) pulses is counteracted by active

thermoregulatory mechanisms such as blood vessel dilatation and perfusion—

post-mortem tissue lacks any physiological heat dissipation. Consequently,

during MRI acquisition, tissue temperature passively drifts toward the ambient

environment. If the specimen was initially colder (e.g., after refrigeration), this

drift leads to warming; if warmer, it leads to cooling. This passive equilibration

is further compounded by RF-induced heating during high-SAR or prolonged

MRI acquisitions [31].

Such heating has direct implications for both image stability and the in-

terpretation of quantitative MRI parameters, including relaxation times and

diffusion coefficients, which are known to be temperature-dependent [20, 41,

42, 43]. Furthermore, in unfixed tissue, increased temperature may accelerate

enzymatic degradation and bacterial activity [44], introducing variability and

potential artifacts that compromise both imaging and downstream histological

validation [31].
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Finally, the temperature at the time of acquisition must be carefully con-

sidered when comparing post-mortem and in vivo data. While in vivo MRI

is typically performed at physiological core body temperature (∼37°C), post-

mortem imaging is often conducted at room temperature or lower due to cool-

ing. This temperature discrepancy affects both MR signal intensity and relax-

ation behavior and therefore must be accounted for when interpreting results

or attempting to extrapolate them to physiological conditions.

The following section explores in detail the influence of temperature on

quantitative MRI metrics, with a particular focus on its effects on longitudinal

relaxation time (T1).

Effect of Temperature on T1 Relaxation Time

Previous studies have demonstrated that temperature significantly influences

spin-lattice relaxation (T1) by affecting the translational and rotational motion

of hydrogen protons [20, 42]. A key contribution to this understanding comes

from Nelson et al. [20], who proposed two main models to explain the behavior

of T1 and T2 as a function of temperature and frequency: the Molecular Motion

Model and the Fast Exchange Two States (FETS) model.

Molecular Motion Model

According to the Molecular Motion Model, biological tissues consist mainly of

liquids within a solid framework, with molecules in rapid and random motion.

The molecular mobility is characterized by the correlation time τc, defined as

the average time a molecule persists in the same position before a collision

causes a change in its state or motion. For small molecules such as water,

the correlation time τc is inversely proportional to the absolute temperature

(T ) and directly related to fluid viscosity η, as expressed by the following

relationship:

τc =
4ηa3

kBT
(2.8)

where a is the radius of the molecule treated as a sphere, and kB is the
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Boltzmann constant. The model assumes that proton relaxation is predomi-

nantly driven by dipolar interactions between water protons. The relationship

between the longitudinal relaxation rate (T1) and τc is mathematically de-

scribed by:

1

T1

= C

(︃
2τc

1 + ω2
0τ

2
c

+
8τc

1 + 4ω2
0τ

2
c

)︃
(2.9)

where C is a constant depending on the gyromagnetic ratio and the inter-

nuclear distance for protons and ω0 is the Larmor frequency. Fig. 2.4 shows a

log-plot of relaxation time versus τc reproduced from Nelson and Tung [20].

In the limit of rapid molecular motion, i.e., when the condition ω0τc ≪ 1

is satisfied—which typically holds for water protons at standard MRI frequen-

cies and physiological temperatures—the expression for 1/T1 simplifies con-

siderably. Under this approximation, the model predicts a linear relationship

between T1 and temperature, and an inverse dependence on viscosity:

T1 ∝
T

η
(2.10)

This simplified form is valid over a narrow temperature range (e.g., ∼

40◦C) and reflects the fact that higher temperatures or lower viscosities in-

crease molecular mobility, thereby prolonging the longitudinal relaxation time.

In this regime, protons experience rapidly fluctuating local magnetic fields,

which facilitates efficient energy exchange with the lattice and governs the

temperature dependence of relaxation.

Fast Exchange Two-State Model (FETS)

The Fast-Exchange Two-State Model (FETS) extends the simple molecular

motion framework to account for more complex biological environments, such

as tissues with multiple water compartments or aqueous solutions of paramag-

netic ions. In this model, water protons are assumed to exchange rapidly be-

tween two compartments: (i) a free compartment consisting of bulk-water (usu-

ally comprising >90% of total water), and (ii) a bound compartment, where
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Figure 2.4: A log-log plot of relaxation times versus τc for both T1 and T2 (dashed
line), reproduced from [20]. The plot is divided into three regions: (i) when w0τc > 1,
the spin-lattice relaxation time (T1) depends on both the Larmor frequency (w0) and
the correlation time (τc); (ii) when w0τc = 1, T1 reaches its minimum value when the
average molecular tumbling frequency is equal to the nuclear precession frequency;
(iii) when w0τc ≪ 1, both T1 and T2 depend only on τc, and not on w0. This is
typically true for pure water at MRI frequencies (w0 < 60 MHz).
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water molecules form structured hydration layers around macromolecules, re-

stricting their motion. The two compartments exhibit significantly different

relaxation behaviors: free water generally displays longer T1 values, whereas

bound water exhibits much shorter relaxation times due to restricted motion.

The observed longitudinal relaxation rate is modeled as a weighted average of

the two compartments:

1

T1

=
b

T1b

+
1− b

T1f + τe
(2.11)

where T1b and T1f are the T1 values for bound state and free state water,

respectively, τe is the residence time of a proton in the restricted compart-

ment, and b is the fractional volume of bound water. Typically, τe << T1f ,

thus it can be often neglected when considering free water dominance. In

the free compartment, rotational and translational motions are coupled and

characterized by a single correlation time (τc ∼ 1 ps), generally considered

frequency-independent. The temperature dependence of T1f can be approxi-

mated by Arrhenius-like relation:

T1f ∝ e
−Eaf
kBT (2.12)

where Eaf is the activation energy for relaxation in the free state. Con-

versely, bound water is characterized by restricted molecular motion and struc-

tural ordering, resulting in a broad distribution of correlation times. This dis-

tribution can be effectively modeled using a log-Gaussian distribution g(τgb):

g(τcb) =
α

τcb
√
π
e
−
(︁
αln

τcb
τ0

)︁2

(2.13)

where both α and τ0 are empirically temperature-dependent constants.

However, over a narrow temperature range (e.g., ∼ 40◦C), the distribution

g(τgb) and consequently T1b remain relatively constant. Thus, when relaxation

is primarily dominated by the free water (typical in most biological tissues),

the overall T1 temperature dependence can still be effectively approximated

by:
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T1 ∝ e
−EA
kBT (2.14)

where Ea is an empirical parameter. Over a narrow temperature range

(e.g., ∼ 40◦C), this exponential dependence can be locally approximated by

a linear relationship. Regarding transverse relaxation (T2), it generally ex-

hibits weaker sensitivity to temperature variations than T1, particularly when

influenced by exchange phenomena, molecular diffusion, and compartmental

heterogeneity. Therefore, the FETS model provides a more comprehensive

and physiologically realistic framework than simpler single-compartment mod-

els for interpreting relaxation dynamics in biological tissues. In summary, it

offers a robust theoretical basis for understanding temperature-dependent T1

relaxation in post-mortem brain tissue, accounting for compartmental water

dynamics, molecular mobility, and proton exchange.

Several studies have investigated the relationship between temperature and

the longitudinal relaxation rate in post-mortem brain MRI, highlighting the

temperature sensitivity of different brain compartments. Birkl et al. [9, 36]

conducted studies on fresh post-mortem brain slices subjected to controlled

heating using a 3T MRI scanner. Their regression models demonstrated that

T1 exhibits the strongest temperature dependence in the cortex, followed by the

basal ganglia and white matter, confirming that different brain compartments

have distinct temperature coefficients.

Other studies have examined temperature effects on relaxation parameters

in post-mortem MRI using a 1.5T scanner, with core temperature assessment

as a key factor (Ruder et al. [8], Flach et al. [45], Busch et al. [46], Scheurer

et al. [47], Tashiro et al. [7], Zech et al. [48]). Specifically, Zech et al. [48] in-

vestigated the influence of temperature on relaxation parameters in situ, using

esophageal measurements to assess core temperature. Toft et al. [49] proposed

a correction method based on the diffusion constant in the cerebrospinal fluid

(CSF), tested on two post-mortem samples with enlarged ventricular volumes.

Further in situ studies monitored brain temperature directly. Berger et

al. [10] found a significant correlation between T1 and temperature, with a
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stronger sensitivity in certain brain structures, consistent with the results of

Birkl et al. [9, 36]. In a separate study, Berger et al. [50] monitored forehead

temperature and observed comparable effects when considering both forehead

and brain temperature.

2.4 The Role of Iron in the Brain

Iron Homeostasis and Distribution in the Brain

Iron is a crucial element in the brain, involved in a wide range of biological pro-

cesses, including oxygen transport, mitochondrial energy production, myelin

synthesis, and neurotransmitter synthesis and metabolism [51].

MRI techniques—particularly phase imaging, relaxation-based methods, and

susceptibility mapping—are commonly employed to estimate regional iron dis-

tribution in the living brain [52]. Post-mortem studies using single-origin tissue

have confirmed that iron is unevenly distributed in the brain, with highly com-

partimentalized concentrations in specific anatomic regions [53]. In areas such

as the basal ganglia and thalamus, iron plays a crucial physiological role [54],

acting both as a reservoir and as a cofactor in essential enzymatic processes

[55].

Average iron concentrations across different brain regions are summarized in

Table 2.1.

The transport of iron into the brain is tightly regulated, primarily through

receptor-mediated endocytosis of iron-bound transferrin at the blood-brain

barrier [57]. After crossing the barrier, non-transferrin-bound iron is released

into the brain interstitium, where it contributes to mantaining iron homeosta-

sis, which is essential for maintaining neuronal health and function [58].

Iron Storage Mechanisms: Ferritin and Hemosiderin

In the brain, iron is primarily stored in two forms: ferritin (Ft) and hemosiderin

(Hm). Ferritin, a protein complex made of heavy (H) and light (L) subunits,

is the main iron storage molecule, responsible for accumulating more than
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Region N Iron
Concentration

(mg/kg)

Reference

Globus Pallidus 25 205± 39 [53]

Putamen 49 160± 37 [53]

Caudate Nucleus 49 105± 27 [53]

Thalamus 49 50± 12 [53]

Corpus Callosum 67 29± 10 [53]

Frontal WM 73 47± 11 [53]

Temporal WM 72 46± 11 [53]

Occipital WM 73 36± 9 [53]

Frontal CX 6 25.5± 6 [56]

Occipital CX 6 40.7± 10 [56]

Table 2.1: Chemically determined mean iron concentrations grouped by brain
regions. Values are expressed in mg/kg of wet tissue.

Values are given as mean ± standard deviation (inter-quartile range).
N represents the number of samples included in the analysis.
WM = white matter.
CX = cortex.
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90% of non-heme iron. It can store iron in a non-toxic and redox-inert form,

with ferric iron (Fe3+) stored as hydratetd iron oxide nanocrystals, commonly

referred to as ferrihydrite (5Fe3+2 O3 · 9H2O) [55].

Iron’s ability to transition between its ferrous (Fe2+) and ferric (Fe3+)

oxidation states plays a crucial role in regulating the balance between iron

absorption, utilization, and storage. These redox reactions are central to the

formation of reactive oxygen species (ROS) and include the well-known Fen-

ton reaction and related Fenton-like processes. In the classic Fenton reaction,

ferrous iron reacts with hydrogen peroxide to produce ferric iron, hydroxyl

radicals, and hydroxide ions (equation 2.15). Conversely, under certain con-

ditions, ferric iron can be reduced back to the ferrous form via a Fenton-like

reaction, generating a hydroperoxyl radical and a proton (equation 2.16).

Fe2+ + H2O2 −→ Fe3+ + HO •+OH− (2.15)

Fe3+ + H2O2 −→ Fe2+ + HOO •+H+ (2.16)

When ferritin storage capacity is exceeded, excess iron forms hemosiderin,

a less soluble form and less easily mobilized form of iron. Hemosiderin is

generally considered a ferritin degradation product and tends to accumulate

in areas where iron regulation is impaired. Its presence has been associated

with pathological conditions such as hemochromatosis, in which iron overload

causes tissue damage [55].

The Role of Iron in Neurodegenerative Disorders

The balance between ferritin and hemosiderin is essential for preventing oxida-

tive damage in the brain, as it reflects the equilibrium between safely stored

and potentially reactive iron pools. When the buffering capacity of ferritin and

hemosiderin is exceeded, unbound iron accumulates in its free form, catalyz-

ing the production of reactive oxygen species (ROS). These ROS contribute to

oxidative stress, ultimately promoting neuronal injury and degeneration [52,
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59]. Under physiological conditions, such redox reactions are tightly regulated

to maintain iron homeostasis and safeguard neuronal integrity. However, ex-

cessive iron accumulation has been implicated in various neurodegenerative

disorders [60], including Parkinson’s disease, Alzheimer’s disease, and multiple

sclerosis [61, 62, 63, 17]. Thus, preserving iron balance is critical for brain

health and for preventing iron-mediated neurotoxicity [64]. The following sec-

tion explores age-related changes in cerebral iron metabolism and how these

alterations may contribute to the development of age-related neurodegenera-

tive disorders.

Iron Accumulation in the Aging Brain

Iron accumulation in the brain is a progressive process that begins shortly after

birth and continues throughout life. With age, iron accumulates progressively

in multiple regions of the brain, although the rate and extent of deposition

vary substantially across regions [65].

One of the most influential studies on this topic is the seminal work by

Hallgren and Sourander [54], which quantitatively analyzed how non-heme

iron concentrations vary across the lifespan in different brain areas. Their

results demonstrated a consistent age-related increase in iron content in all in-

vestigated regions—except for the medulla oblongata—based on post-mortem

samples from subjects spanning a wide age range. This accumulation is par-

ticularly evident in areas of the extrapyramidal system—including the globus

pallidus, putamen, and caudate nucleus—as well as in cortical areas, gray and

white matter. Notably, the rate of iron accumulation differs among brain re-

gions, as reflected by the varying slopes of their accumulation curves. Despite

this variability, most regions tend to reach a plateau during adulthood. For

illustration, Fig.2.5 and Fig.2.6, reproduced from Hallgren ’s study [54], show

the distinct age-related iron accumulation patterns in the putamen and various

cortical regions, respectively.

The causes of iron accumulation in brain aging are complex and include

factors such as increased blood-brain barrier permeability, inflammation, and
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Figure 2.5: Non-haemin iron in the putamen. S.E. of estimate = ±2.60

Figure 2.6: Relation between the non-haemin iron and the age in different
cortical fields. (1) motor cortex; (2) occipital cortex; (3) sensory cortex; (4)
parietal cortex; (5) temporal cortex; (6) prefrontal cortex.
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iron redistribution within the brain. These factors can compromise the brain’s

iron homeostasis system, leading to iron accumulation that is not efficiently

bound by storage proteins or other molecules [66, 67]. Excess iron accumula-

tion can also result in oxidative stress, which damages cells and contributes to

neurodegenerative processes [61].

Impact of Iron Levels on R1 Relaxation Rate

Although the role of iron in enhancing proton relaxation has been extensively

studied in ferritin model systems [68], its impact on longitudinal relaxation

rate (R1) in brain tissue is less well defined. Iron in the brain—predominantly

stored as ferritin and hemosiderin—is paramagnetic and capable of influencing

R1, but the extent and consistency of this effect remain unclear, as reported

findings are often contradictory. Some studies have reported significant corre-

lations between iron concentration and R1, particularly in regions with high

iron content [22, 13, 1, 17]. Conversely, other investigations have failed to de-

tect such associations [69, 70], underscoring the complexity of the underlying

mechanisms and the need for further research.

Vymazal et al. [22] conducted a post-mortem MRI study using unfixed brain

tissue from the frontal cortex, caudate nucleus, putamen, and globus pallidus.

They found that differences in R1 across these regions correlated well with iron

content, in agreement with previous in vivo findings [14]. However, the cor-

relation was primarily evident across regions, while intra-regional variability

showed weak or nonsignificant associations, suggesting the presence of addi-

tional factors influencing R1.

In an in vivo study, Ogg et al. [13] investigated age-related changes in R1, fur-

ther supporting the role of iron in modulating relaxation properties. Using an

age-based regression model to estimate iron concentration [54], they examined

the relationship between R1 and estimated iron levels in the cortex, putamen,

caudate, and frontal white matter.

A significant linear correlation between R1 and iron concentration was ob-

served across brain regions, with relaxivity and coefficient of determination
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varying notably: 5.5 s−1/mg/kg in the cortex (R2 = 0.53), 6.1 s−1/mg/kg

in the frontal white matter (R2 = 0.19), 1.7 s−1/mg/kg in the putamen

(R2 = 0.48), and 1.0 s−1/mg/kg in the caudate nucleus (R2 = 0.45). These

findings indicate that while relaxivity is highest in cortical and white matter

regions, the strength of the association with iron concentration is greater in

cortex and putamen, suggesting region-specific variability in how iron modu-

lates longitudinal relaxation. These findings highlight the complex and mul-

tifactorial nature of the Fe–R1 relationship, suggesting that the effect of iron

on longitudinal relaxation depends not only on total iron concentration, but

also on factors such as the molecular form of iron, its binding state, and the

surrounding tissue microenvironment. In particular, myelin appears to play

a crucial modulatory role. As a highly diamagnetic substance, myelin can

partially counteract the paramagnetic effects of ferritin-bound iron on local

magnetic susceptibility, especially in white matter [71, 72, 73, 74]. This dia-

magnetic shielding reduces the influence of iron on surrounding water protons,

thereby attenuating its effect on relaxation rates. Post-mortem studies using

quantitative susceptibility mapping (QSM) have confirmed this phenomenon,

reporting weaker correlations between iron content and magnetic susceptibility

in white matter compared to gray matter [53]. In addition to influencing sus-

ceptibility, the myelin-rich environment of white matter may also limit water

mobility and alter spin–lattice interactions, further modulating the contribu-

tion of iron to R1.

Moreover, the influence of iron on qMRI parameters may be temperature-

dependent, in accordance with the Curie’s Law for paramagnetic materials.

Since paramagnetism arises from unpaired electrons, the magnetic susceptibil-

ity (χ) of iron-containing compounds is inversely proportional to temperature:

χ =
C

T
(2.17)

where C is the Curie constant and T is the absolute temperature. At very

high magnetic fields, however, the magnetization reaches saturation and in-

fluence of temperature on the magnetic properties of iron becomes negligible.
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Since molecular motion plays a crucial role in relaxation processes, temperature

variations can alter the efficiency of water-proton interactions with paramag-

netic iron. A decrease in χ at higher temperatures may reduce the local field

fluctuations induced by iron, thereby influencing relaxation dynamics [75, 15].

Specifically, reduced temperatures slow down molecular motion, increasing the

efficiency of proton–iron interactions and thereby shortening T1. This phe-

nomenon is particularly relevant in post-mortem imaging, where uncontrolled

temperature fluctuations may introduce variability in R1 measurements [41].
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Materials and Methods
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3.1 Subject characteristics

Thirteen post-mortem human subjects were included in this study. The age of

the individuals ranged from 48 to 81 years (mean age = 65.9 ±10.2 years). For

each case, the post-mortem interval (PMI), defined as the time between death

and the beginning of MRI acquisition, was known and directly recorded by

forensic personnel. Therefore, no estimation methods (e.g., Henssge’s nomo-

gram [76]) were required. However, for one subject, PMI was not recorded.

Due to variability in the duration of cooling and the time spent at room

temperature during forensic procedures, core body values differed among sub-

jects (range = 4.6–23.7°C). After the forensic examination, all subjects were

transported to the MRI facility. At least one hour passed between temper-

ature measurement and scan onset, during which passive warming occurred.

Consequently, the recorded values likely underestimate the actual brain tem-

perature at scan onset, which was probably closer to ambient. In the same

subject for whom PMI was unavailable, no thermal data were collected. This

subject was therefore excluded from temperature-related analyses but retained

for all other evaluations, including those investigating the association between

iron concentration and longitudinal relaxation rate (R1).

The inclusion criteria for subject selection were:

• PMI < 72 hours;

• Absence of diagnosed neurological or neurodegenerative disorders;

• Absence of visible brain trauma;

• No ferromagnetic implants or MRI contraindications.

Ethical approval for this study was obtained from the local institutional

review board, and informed consent for autopsy and research use of tissue was

secured from the next of kin.
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3.2 MRI Acquisition

MRI data were acquired using a 3T whole-body scanner (Magnetom TimTrio,

Siemens Healthcare, Erlangen, Germany) equipped with a 12-channel head coil

array.

For each subject, longitudinal relaxation time (T1) was estimated at two

time points:

• At the beginning of the scan session (T1,start),

• At the end of the scan session (T1,end).

Both measurements were acquired using a 3D Inversion Recovery (IR)

Turbo Spin Echo (TSE) sequence optimized for post-mortem imaging. Multi-

ple inversion times (TIs) were sampled to enable voxel-wise estimation of T1

via curve fitting. Main acquisition parameters included:

• Repetition Time (TR): 8000 ms (8290 ms for TI = 3000 ms);

• Echo Time (TE): 8.5 ms;

• Inversion Times (TI): 100, 200, 400, 800, 1200, 2000, 3000 ms;

• Voxel size: 1 × 1 × 4 mm³;

• Field of View (FOV): 256 × 256 mm²;

• Parallel imaging: GRAPPA (factor = 2);

• Bandwidth: 349 Hz/Px;

• Flip angle: 180°;

• Number of slices: 22 contiguous slices (4.0 mm thickness);

• Orientation: Axial (transverse plane).

Each T1 dataset thus consisted of seven IR-TSE images with varying in-

version times, both at the start and at the end of the scan session. This
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multi-TI acquisition scheme enabled robust estimation of the T1 relaxation

time across different brain regions and provided a means to investigate intra-

scan temperature-related changes in tissue relaxation dynamics. Additional

MRI sequences (e.g., T2 mapping, T ∗
2 mapping, and DTI) were acquired be-

tween the two T1 mapping datasets as part of a broader post-mortem protocol.

These acquisitions contributed to scan duration and potential intra-scan tem-

perature changes, but were not included in the present analysis.

3.3 Tissue Preparation and Iron Quantifica-

tion

Following MRI acquisition, autopsy was performed within 12 hours. Brains

were extracted with ligation of the main supplying blood vessels to minimize

blood washout and avoid the formation of air bubbles. Extracted brains were

immersion-fixed in 4% phosphate-buffered formaldehyde solution (pH 7.0 ±

0.5) for 3–5 weeks, with a formalin replacement after four days to ensure

complete fixation.

Brains were sectioned axially into 10 mm thick slices, approximately match-

ing the orientation of the MRI acquisition. Although additional ROIs were

generated during MRI processing, tissue specimens for ICP-MS analysis were

dissected only from the following predefined brain regions, selected based on

anatomical landmarks and MRI visibility:

• Gray matter: globus pallidus, putamen, caudate nucleus, frontal cortex,

temporal cortex, occipital cortex;

• White matter: frontal, temporal, and occipital white matter.

To increase statistical robustness, cortex and other gray matter samples

were divided into two subunits (anterior and posterior), and white matter

samples into three (anterior, central, and posterior). The globus pallidus was

not subdivided due to its small volume. Sample volumes were approximately

10×10×10mm³, adjusted based on anatomical constraints. All dissections were

performed using ceramic knives to prevent metal contamination.
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Figure 3.1: Workflow schematic of post-mortem tissue analysis: in situ T1-
weighted MRI, brain slicing, and ICP-MS iron quantification

Prior to chemical analysis, samples were freeze-dried and weighed before

and after lyophilization to enable the calculation of iron concentration relative

to fresh tissue weight. Mineralization was performed at 250°C for 30 minutes

in an UltraCLAVE III microwave-heated autoclave (EMLS, Leutkirch, Ger-

many). Iron content was measured using inductively coupled plasma mass

spectrometry (ICP-MS, Agilent 7500ce, Santa Clara, CA, USA) at a mass-to-

charge ratio of 56, in Helium collision mode (He flow rate = 5.3mL/min) to

reduce polyatomic interferences. Measurement accuracy was validated against

the certified NIST RM 8414 bovine muscle reference standard. Iron concen-

trations are reported in mg/kg of fresh tissue.

A schematic overview of the processing pipeline (from MRI acquisition to

ICP-MS) is shown in Fig. 3.1.

3.4 T1 Mapping

Quantitative T1 maps were generated separately for the beginning (T1,start) and

end (T1,end) of each MRI session. For each time point, seven inversion recovery

(IR) datasets were acquired at different inversion times (TI = 100, 200, 400,
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800, 1200, 2000, 3000 ms) using the 3D IR-TSE sequence. This protocol

allowed sampling of the recovery curve of the longitudinal magnetization after

inversion.

Voxel-wise T1 estimation was performed by fitting the signal intensities

S(TI) across the seven inversion times to a three-parameter inversion recovery

model:

S(TI) = M0

(︃
1− 2α exp

(︃
−TI

T1

)︃)︃
(3.1)

where:

• M0 is the equilibrium magnetization,

• T1 is the longitudinal relaxation time,

• α is an inversion efficiency factor that accounts for deviations from the

ideal 180° inversion. It captures imperfections due to inaccurate flip

angles, B1 inhomogeneities, and non-ideal RF pulse profiles.

All fittings were implemented in MATLAB (MathWorks, Natick, MA,

USA) using custom-developed scripts.

Figure 3.2 further illustrates the anatomical correspondence by showing a

central brain slice from the IR-weighted image alongside its respective T1 map.

To visualize the IR dataset and generate parametric maps (T1, M0, α, R1),

a separate Python script was developed in Google Colab. The script combined

the inversion time images into a 4D dataset, performed voxel-wise fitting, and

exported the resulting parameter maps. The inversion factor map provides a

voxel-level estimate of inversion pulse efficiency.

Figure 3.3 shows the signal evolution at each inversion time for the central

slice of a representative subject, illustrating the contrast variation across the

IR dataset.

Example data and model fits from three manually selected voxels—repre-

sentative of white matter, cortex, and basal ganglia—are shown in Fig. 3.4.

These voxels were identified from the central axial slice, and their inversion
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Figure 3.2: Left: anatomical reference slice from an image; Right: correspond-
ing quantitative T1-weighted image. This comparison highlights the spatial
alignment between structural features and relaxation-based tissue contrast.

recovery curves illustrate the typical signal evolution and fitting quality across

distinct tissue types.

Figure 3.5 displays the resulting parametric maps derived from the three-

parameter model, including T1, M0, α, and R1, for the central axial slice of a

representative subject.

3.5 ROI Definition and Extraction

Regions of interest (ROIs) were manually delineated on anatomical images

selected for high tissue contrast, with the aim of extracting T1 values from the

same brain regions sampled for ICP-MS quantification. Manual segmentation

was performed of the following brain regions were included:

• Gray matter: globus pallidus, putamen, caudate nucleus, thalamus,

frontal cortex, temporal cortex, occipital cortex;

• White matter: frontal, temporal, and occipital white matter.
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Figure 3.3: Turbo-spin-echo (TSE) images acquired at different inversion times
(TI = 100–3000 ms) for the central axial slice of a 56-year-old subject. The
contrast variation across TIs enables voxel-wise estimation of longitudinal re-
laxation times.
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Figure 3.4: Longitudinal recovery curves from representative voxels in white
matter, cortex, and basal ganglia for the same subject. Observed signal in-
tensities (dots) at different inversion times (TI) are shown alongside the fitted
3-parameter inversion recovery model (solid lines). Voxel coordinates were
manually selected from the central axial slice.
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Figure 3.5: Parametric maps derived from the three-parameter IR model for
the central slice of the same subject. Top row: T1 and M0 maps; bottom row:
α and R1 maps.
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ROI placement was guided by anatomical landmarks to ensure correspon-

dence with the anatomical location of the tissue specimens used for chemical

analysis. Regions were delineated bilaterally when applicable, and ROI mask

sizes were manually adjusted to approximate the physical volume of the dis-

sected samples (~10 × 10 × 10 mm3).

To align the segmented ROIs with the T1 maps, affine registration was

performed using FSL tools [77]. ROI masks were then applied voxel-wise

to the T1 parametric maps to extract mean regional values for subsequent

statistical analysis. This procedure ensured spatial correspondence between

the MRI-derived relaxation metrics and the iron concentrations obtained via

ICP-MS.

For each subject, quantitative measurements (T1 and iron concentration)

were extracted from the following anatomical subregions:

• Basal ganglia: globus pallidus, putamen, and caudate nucleus;

• White matter: frontal, temporal, and occipital white matter;

• Cortex: frontal, temporal, and occipital cortex.

Due to the progressive extension of the sampling protocol, cortical ROIs

were available only for the last eight subjects. Consequently, analyses involving

cortical measurements were limited to this subset, while all thirteen subjects

were included in analyses of the basal ganglia and white matter. This strategy

maximized data usage but introduced a sample size imbalance across regions,

which was considered in the interpretation of results. These subregions were

grouped accordingly in subsequent analyses.

3.6 Data quality control

Before statistical analysis, specific data points were excluded based on com-

pleteness and plausibility criteria:

• Measurements with T1,end = 0 were excluded, as they indicate failed
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fitting or missing signal recovery. This affected occipital and frontal

cortex measurements for one subject.

• Globus pallidus measurements from a subject were excluded due to ex-

tremely high and non-physiological iron values.

These exclusions were applied to ensure data reliability and biological plau-

sibility, and they are transparently reported to maintain reproducibility of the

analysis.

3.7 Statistical analysis

All statistical analyses were performed using R (version 4.4.2). Data processing

and visualization were conducted using the following packages, grouped by

function:

• Data import and manipulation: readxl, dplyr, tidyr, tibble

• Statistical analysis: broom, car, PMCMRplus, FSA, nlme

• Visualization: ggplot2, ggpmisc

Unless otherwise specified, results with p < 0.05 were considered statisti-

cally significant.

Overview of comparisons

The relationship between tissue parameters (T1 andR1) and either temperature

or iron concentration was investigated using both descriptive and inferential

statistical approaches. Analyses were performed at multiple levels:

• Temperature effects were assessed through two complementary strate-

gies:

– A cross-sectional analysis relating core temperature to T1,start, using

region-wise linear regression (naive pooled approach);
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– An intra-scan analysis comparing T1,start and T1,end using paired

t-tests, as well as pooled, subject-specific level, and mixed-effects

regression models.

• Iron effects were explored by comparing iron concentration across re-

gions and by evaluating its association with R1 through pooled, subject-

level, and mixed-effects regression models.

Temperature analysis

Two complementary strategies were used to evaluate the effect of temperature

on T1 relaxation time:

1. Effect of initial temperature on T1, Start

• Linear regression models were fitted between reported core tem-

perature and T1,Start values, separately for each brain region (basal

ganglia, white matter, and cortex). This modeling choice is theo-

retically supported by the Fast Exchange Two-State model, which

predicts an approximately linear temperature dependence of T1

over narrow temperature ranges [20]. A naive pooled approach

was adopted, treating all regional samples as independent observa-

tions despite their clustering within subjects. This approach was

adopted for descriptive purposes and to increase statistical power,

although it may underestimate standard errors due to intra-subject

dependencies.

• Model assumptions were assessed using Shapiro-Wilk test and vi-

sual inspection of residuals.

• Regression slopes were used to extrapolate T1 values at 37°C, which

were compared to reference values from the literature.

2. Intra-scan T1 changes (T1,end vs. T1,start)

• Paired t-tests were used to compare mean T1 values at the beginning

and end of the scan for each tissue type.

41



• Linear regression models were fitted separately for each brain region

using a naive pooled approach, in which all regional samples were

treated as independent observations.

• Separate linear models were fitted for each subject and brain region

to assess inter-subject variability in slope estimates.

• Welch’s ANOVA was used to test for differences in the mean slopes

across brain regions, followed by Games-Howell post-hoc compar-

isons.

• Linear mixed-effects models were used to account for intra-subject

correlation:

– An interaction model including T1,start, brain region, and their

interaction as fixed effects, with subject as a random intercept;

– Region-specific mixed models were also fitted independently for

basal ganglia, white matter, and cortex.

• Model assumptions (normality, homoscedasticity, independence) were

assessed using the Shapiro–Wilk test and visual inspection of resid-

ual plots.

• Akaike Information Criterion (AIC) was used to compare the rela-

tive performance of simple linear models and mixed-effects models.

Iron analysis

The effect of iron concentration on the longitudinal relaxation rate (R1) was

evaluated through a structured multilevel approach:

1. Descriptive comparison of iron concentration across brain re-

gions

• Iron concentrations (mg/kg of fresh tissue) were summarized by

computing the mean, median, and standard deviation for each of

the three macroregions: basal ganglia, white matter, and cortex.
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• Normality of the distributions was assessed using the Shapiro–Wilk

test.

• Due to significant deviations from normality in all regions, inter-

regional differences were tested using the Kruskal–Wallis test, fol-

lowed by pairwise post-hoc comparisons using the Dunn test with

Bonferroni correction.

2. Linear modeling of R1 as a function of iron concentration

• Region-wise linear regression models were fitted between R1 and

iron concentration. A naive pooled approach was adopted for de-

scriptive purposes, treating all regional samples as independent de-

spite their clustering within subjects.

• Model assumptions were assessed using the Shapiro–Wilk test and

visual inspection of residuals and QQ plots.

• Separate subject-level linear models were also fitted within each

brain region to examine inter-individual variability in regression

parameters (slope, intercept, R2).

• Linear mixed-effects models were used to account for intra-subject

correlation, including iron concentration as a fixed effect and sub-

ject as a random intercept. These models were fitted independently

for basal ganglia, white matter, and cortex.

• Akaike Information Criterion (AIC) was used to compare the rela-

tive performance of fixed versus mixed-effects models.

3. Subregional analysis of the basal ganglia

• Iron concentration was analyzed separately in the globus pallidus,

putamen, and caudate nucleus. Descriptive statistics and normality

tests were computed for each subregion individually.

• The Kruskal–Wallis test was used to evaluate iron concentration

differences across subregions, followed by Dunn’s pairwise compar-

isons with Bonferroni correction.
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• Separate linear regression models were fitted between R1 and iron

concentration within each subregion to evaluate local effects.

• Model assumptions were assessed through residual normality test-

ing and visual inspection of residual plots. Due to repeated mea-

sures within subjects, results were interpreted cautiously with re-

spect to the independence assumption.

The results of the analyses described above are presented and discussed in

the following chapters.
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Chapter 4

Results
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This chapter presents the results of the quantitative MRI analyses performed

on post-mortem human brain tissue, with the aim of investigating how longitu-

dinal relaxation is influenced by temperature and iron concentration. Partic-

ular attention is given to regional differences across white matter, cortex, and

basal ganglia, as well as to methodological challenges specific to post-mortem

imaging, such as the uncertainty in temperature measurements and potential

violations of independence assumptions.

The first part of the chapter focuses on the relationship between T1 and

brain temperature measured prior to the MRI scan. Linear regression models

are fitted separately for white matter, cortex, and basal ganglia, and results

are compared to those from prior post-mortem studies. Extrapolated T1 values

at 37°C are also compared with in vivo reference values from the literature.

Given the limitations of core temperature as a proxy for brain temperature at

scan onset, a second analysis investigates intra-scan changes in T1 between the

beginning and end of the acquisition session. This part assesses a progressive

warming of the tissue due to RF-induced heating and environmental equilibra-

tion. Paired t-tests, pooled and region-specific linear regressions, subject-level

models, and mixed-effects models are employed to explore the dynamics of T1

variation and their tissue-specific patterns.

Finally, the last section addresses the effect of iron concentration on R1,

under the assumption that all brains reached a relatively uniform final tem-

perature by the end of the scan. The analysis is structured in two steps: first,

linear. subject-level and mixed-effects models are applied across major tissue

types (basal ganglia, white matter, cortex) to assess the overall association be-

tween iron and R1 ; second, a more detailed analysis is conducted within basal

ganglia subregions (putamen, caudate nucleus, globus pallidus) to investigate

whether the global association observed in the basal ganglia is driven by true

within-region effects or merely reflects regional clustering of iron levels.
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Intercept
(ms)

Slope
(ms/°C)

R² p-value SE Slope
(%)

Basal Ganglia 711 ± 30 3.6 ± 2.0 0.10 <0.01* 28

White Matter 837 ± 21 –1.4 ± 1.4 0.02 0.06 53

Cortex 710 ± 98 15.5 ± 5.7 0.30 <0.01* 18

Table 4.1: Summary of linear regression models assessing the relationship be-
tween temperature and T1 across brain regions. Reported values include inter-
cept and slope (in ms), coefficient of determination (R2), p-value, and relative
standard error of the slope (SE, %).

Together, these analyses contribute to clarifying how temperature and iron

concentration influence relaxation properties in unfixed post-mortem brain tis-

sue, offering useful context for interpreting quantitative MRI findings in ex vivo

conditions.

4.1 Initial T1 vs. Temperature

Region-specific linear regression models

Linear regression analyses were performed to investigate the relationship be-

tween brain temperature and T1 relaxation times across different brain regions.

Figures 4.1, 4.2, and 4.3 illustrate the temperature-dependent variations in

T1 for the basal ganglia, white matter and cortex, respectively, with linear

fits overlaid. Table 4.1 reports the main parameters of the regression mod-

els, including slope, intercept, R2, p-values, and the standard error of the

slope expressed as a percentage. The estimated temperature coefficients were

15.5 ms/°C for the cortex, 3.6 ms/°C for the basal ganglia, and –1.4 ms/°C for

the white matter. The models for cortex and basal ganglia yielded statistically

significant results (p < 0.01), while the model for white matter did not reach

significance (p = 0.06). The corresponding R2 values were 0.30, 0.10, and 0.02

for cortex, basal ganglia, and white matter, respectively.
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Figure 4.1: Linear regression of T1 relaxation time as a function of temperature
across basal ganglia samples. The red line represents the linear fitted model;
the shaded gray area indicates the ±1 standard error (SE) interval.
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Figure 4.2: Linear regression of T1 relaxation time as a function of temperature
across white matter samples. The red line represents the linear fitted model;
the shaded gray area indicates the ±1 standard error (SE) interval.

48



R² = 0.30
p < 0.01 
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Figure 4.3: Linear regression of T1 relaxation time as a function of temperature
across cortical gray matter samples. The red line represents the linear fitted
model; the shaded gray area indicates the ±1 standard error (SE) interval.

This study
(ms/°C)

Literature
(ms/°C)

Reference

Basal Ganglia 3.6 ± 2.0 13 ± 1 [9]

White Matter –1.4 ± 1.4 3 ± 1 [9]

Cortex 15.5 ± 5.7 17 ± 5 [9]

Table 4.2: Comparison of temperature coefficients (T1 change per °C) between
this study and values reported by Birkl et al. [9].

Comparison with literature and extrapolated values

Table 4.2 compares the temperature coefficients from this study with values

reported by Birkl et al. [9], who performed controlled heating experiments

on unfixed post-mortem brain slices. The coefficients observed here are lower

overall, particularly in the white matter.

To further contextualize the results, Table 4.3 presents T1 values extrapo-

lated to 37°C for each brain region, alongside in vivo reference values from the

literature and corresponding percentage differences. While the regression mod-
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This Study
(ms)

In Vivo
(ms)

Reference Difference
(%)

Basal Ganglia 843 ± 48 1363 ± 58 [26] –38.2

White Matter 786 ± 35 838 ± 50 [25] –6.2

Cortex 1282 ± 117 1607 ± 112 [26] –20.2

Table 4.3: Comparison of T1 values extrapolated to 37°C in this study with in
vivo literature values, including the percentage difference between the two.

els confirm region-specific temperature dependencies, the extrapolated values

were consistently lower than in vivo measurements. The largest discrepancy

was observed in the basal ganglia (∼38%), followed by the cortex (∼20%),

while white matter showed a smaller difference (∼6%).

Residual analysis and model interpretation

The normality of residuals was assessed using the Shapiro–Wilk test. No

significant deviations from normality were detected for white matter (p = 0.13)

and cortex (p = 0.43), whereas residuals from the basal ganglia model did

not meet the normality assumption (p < 0.01). However, visual inspection

of residual plots and Q–Q plots did not indicate substantial deviations from

normality, as shown in Figure 4.4.

Although the linear models appear adequate based on residual diagnostics,

it is important to acknowledge the potential lack of independence among data

points, as multiple measurements per subject were included. Consequently,

these regression analyses should be interpreted as descriptive and exploratory

rather than inferential.

Notably, although the extrapolated T1 value for white matter was numeri-

cally closest to literature values, it was derived from a regression model with a

negative and non-significant slope. This suggests that the white matter result

may not reliably reflect a physiological relationship between temperature and

longitudinal relaxation, and should be interpreted with caution.
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Figure 4.4: Q–Q plot of residuals from the linear regression model between
T1 values and temperature for basal ganglia. Despite the Shapiro–Wilk test
indicating non-normality, visual inspection reveals only minor deviations from
the expected normal distribution.

Finally, potential discrepancies between extrapolated and in vivo values may

stem from multiple sources: (i) the temperature measurements were taken at

the core body, not directly from the brain, and may not accurately reflect

actual brain temperature; (ii) temperature was recorded up to several hours

prior to scanning, during which passive warming likely occurred, making brain

temperature at scan onset closer to room temperature in most cases; and (iii)

the assumption of independence may be violated due to repeated measures

within subjects.

To further investigate temperature-related variation in T1, the next section

explores changes in T1 between the beginning and end of the scan session. This

analysis assumes a progressive tissue warming over time, driven by RF-induced

heating and passive equilibration toward room temperature.
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T1, Start (ms) T1, End (ms)

Basal Ganglia 755 ± 71 796 ± 82

White Matter 816 ± 64 840 ± 71

Cortex 840 ± 119 1052 ± 144

Table 4.4: Mean longitudinal relaxation times (T1) measured at the beginning
and end of the scan session, reported as mean ± standard deviation for each
brain region. The observed increases are consistent with a rise in temperature
during scanning.

4.2 Temperature Effects on T1 Variation

Paired comparison of T1 values at scan start and end

To assess the intra-scan variation of longitudinal relaxation times in post-

mortem brain tissue, mean T1 values for the basal ganglia, white matter, and

cortex were computed at both the beginning and end of the scan session. These

values, expressed as mean ± standard deviation (SD), are reported in Table 4.4.

To better illustrate the regional differences in intra-scan T1 variation, Figure 4.5

shows the mean increase in T1 (∆T1 = T1,end − T1,start) across brain regions,

together with standard deviation bars. The largest increase is observed in

the cortex, followed by the basal ganglia and white matter. Normality of the

paired differences was evaluated using the Shapiro–Wilk test, which indicated

non-normality for white matter and cortex (p < 0.05). Nonetheless, histogram

and Q–Q plot inspection did not suggest major deviations from normality

(Figure 4.6). A paired t-test was therefore performed, revealing a significant

increase in T1 across all regions (p < 0.01). This finding is consistent with a

temperature increase during the scan session, which is likely to affect relaxation

times.

Region-specific linear regression models

A preliminary analysis was conducted to assess the correlation between T1

values at the beginning and end of the scan across all brain regions combined.

The Pearson correlation coefficient was r = 0.96 (p < 0.01), indicating a strong
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Figure 4.5: Mean intra-scan increase in longitudinal relaxation time (∆T1 =
T1,end − T1,start) across brain regions. Points represent the mean; vertical lines
indicate ±1 standard deviation.

linear relationship. Figure 4.7 illustrates the relationship between mean T1 and

∆T1, providing a complementary visualization of this intra-scan association.

To further investigate temperature-induced variation, linear regression mod-

els were fitted for each brain region to predict final T1 from initial values. As

expected under RF-induced or passive thermal equilibration, final T1 values

were consistently higher. Regression results are summarized in Table 4.5, and

visualized in Figure 4.9. All models were statistically significant (p < 0.01),

with R2 > 0.90 in all regions, confirming strong predictive relationships.The

assumption of residual normality was statistically supported for the cortex

and basal ganglia models (Shapiro–Wilk p > 0.05), but not for white matter

(p < 0.01). Nonetheless, visual inspection of the residual Q–Q plot for the

white matter model (Figure 4.8) did not reveal major deviations from nor-

mality, suggesting that the residual distribution is approximately Gaussian,

with only minor deviations in the tails. Residuals were homoscedastic and

symmetrically distributed across all models.
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Figure 4.6: Q–Q plots of paired differences in T1 values between the beginning
and end of the scan session (∆T1 = T1,end−T1,start), separately for white matter
(top) and cortex (bottom). Despite statistical non-normality in Shapiro–Wilk
tests (p < 0.05), visual inspection suggests only minor deviations from nor-
mality, mostly in the distribution tails.
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Figure 4.7: Relationship between mean T1 values and intra-scan changes
(∆T1 = T1,end − T1,start) across all brain regions. Each point represents a
tissue sample, color-coded and shaped by region: basal ganglia (red circles),
white matter (blue squares), and cortex (green triangles). The dashed black
line at ∆T1 = 0 indicates no change between start and end of scan. Samples
above the line show an increase in T1 during the scan session, consistent with
progressive tissue warming.
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Figure 4.8: Q–Q plot of residuals for the white matter linear model. Although
the Shapiro–Wilk test suggested non-normality, the visual inspection supports
an approximately normal distribution.
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Intercept
(s)

Slope R² p-value SE Slope
(%)

Basal Ganglia –0.05 ±
0.04

1.12 ±
0.05

0.93 <0.01* 2.42

White Matter –0.02 ±
0.03

0.92 ±
0.04

0.92 <0.01* 1.97

Cortex –0.05 ±
0.09

1.14 ±
0.09

0.90 <0.01* 4.06

Table 4.5: Linear regression results modeling T1 values at the end of the scan
as a function of those at the beginning, reported separately for each brain
region.

Notably, the slopes were highest in the cortex, followed by basal ganglia and

white matter, suggesting regional differences in the effect of temperature. This

trend is consistent with the previous pooled and region-specific analyses.

Subject-specific regression models

To assess individual-level trends, linear regressions were performed sepa-

rately for each subject and region. In subjects with all three regions available,

cortex typically showed the steepest slopes, while white matter had consistently

lower values. Slopes across subjects are reported in Table 4.6. A summary of

the subject-level regression parameters is shown in Table 4.7, and examples of

individual fits are displayed in Figure 4.10. Figure 4.11 presents the regres-

sion lines for a representative subject, illustrating the fitted trends across all

regions.

To statistically compare regional slopes, Welch’s ANOVA was used due to

a borderline violation of the homoscedasticity assumption (Levene’s test: p =

0.05) and unequal sample sizes across regions, particularly the smaller number

of cortical observations. A significant difference in slopes across regions was

observed (p < 0.01). Post-hoc Games–Howell tests revealed that white matter

slopes were significantly lower than those in basal ganglia (p < 0.01) and cortex

(p < 0.01), while no significant difference was found between basal ganglia and
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Figure 4.9: Linear regressions between T1 measured at the beginning and end of
the scan session, shown separately for each brain region. Each point represents
a tissue sample: basal ganglia (green circles), cortex (red triangles), and white
matter (blue squares). Colored lines indicate region-specific linear fits; the
dotted gray line represents the identity line (y = x), corresponding to no
intra-scan variation. The deviation from this line reflects an increase in T1

during scanning, likely due to progressive tissue warming.
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Figure 4.10: Regression analysis of cortical T1 values at the beginning and end
of the MRI session. Subject-wise fits are shown in gray; the red identity line
(y = x) indicates perfect correspondence.
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Subj ID WM Slope BG Slope CX Slope

1 0.87 1.17 –

2 1.01 1.24 –

3 1.00 1.09 –

4 0.96 1.32 –

5 1.00 1.35 –

6 1.21 1.20 1.62

7 1.12 1.15 1.31

8 1.07 1.20 1.39

9 1.04 1.39 1.47

10 1.19 1.15 1.73

11 1.06 1.38 1.54

12 0.98 1.59 0.94

13 1.09 1.44 1.25

Table 4.6: Linear regression results modeling T1 values at the end of the scan
as a function of those at the beginning, reported separately for each brain
region. All models showed strong linear relationships with high R2 values.
Abbreviations: BG = basal ganglia, WM = white matter, CX = cortex.

Region Slope Intercept (s) R2

Basal Ganglia 1.28 ± 0.04 –0.17 ± 0.03 0.96 ± 0.01

White Matter 1.05 ± 0.03 –0.01 ± 0.02 0.88 ± 0.02

Cortex 1.41 ± 0.09 –0.32 ± 0.10 0.87 ± 0.02

Table 4.7: Summary of subject-level linear regression models between T1 values
at the beginning and end of the scan across brain regions. Values are reported
as mean ± standard deviation.
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Figure 4.11: Subject-specific linear regressions between T1 values at the begin-
ning and end of the scan for a subject, plotted separately for each brain region.
Colored points represent individual samples from the basal ganglia (green cir-
cles), cortex (red triangles), and white matter (blue squares). Dashed lines
show region-wise regression fits, and the dotted gray line indicates the identity
line y = x.
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Figure 4.12: Mean slopes of the linear regressions between T1,start and T1,end
for each tissue type. Error bars indicate standard deviation across subjects.

cortex (p = 0.43). These results are visualized in Figures 4.12 and 4.13.

Mixed-effects models and model selection

To account for repeated measures and inter-subject variability, a linear

mixed-effects model was fitted with brain region and T1 start value (and their

interaction) as fixed effects, and a subject-level random intercept. As shown

in Table 4.8, a significant interaction term for white matter suggests a weaker

relationship between initial and final T1 in this region compared to the base-

line (basal ganglia). No significant interaction was found for cortex. Residual

inspection (Figure 4.14) indicated heteroscedasticity, especially for high T1 val-

ues in cortical samples, suggesting the need for caution in interpreting model

assumptions.

To validate these results, region-specific mixed-effects models were also fit-

ted. As shown in Table 4.9, these models confirmed the previously observed

trends: the slope was lowest in white matter, and higher in cortex and basal

ganglia. Residual diagnostics were satisfactory overall. AIC comparisons (Ta-
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Figure 4.13: Pairwise differences in mean slope estimates between basal ganglia
(BG), white matter (WM), and cortex (CX), with 95% confidence intervals.
Differences are considered significant when the confidence interval does not
cross zero.

Fixed Effects

Term Estimate Std. Error t-value

Intercept –0.075 0.025 –3.02

T1 Start 1.153 0.032 35.80

Cortex Effect –0.048 0.033 –1.48

White Matter Effect 0.070 0.031 2.29

T1, Start × Cortex 0.056 0.039 1.45

T1, Start × White Matter –0.118 0.039 –3.01

Random Effects

Effect Variance Std. Dev.

Subject Intercept 0.00017 0.013

Residual 0.00054 0.023

Table 4.8: Linear mixed-effects model results for each brain region. Models
include a fixed effect for T1 at the beginning of the scan and a subject-specific
random intercept to account for inter-individual variability.
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Figure 4.14: Residuals from the linear mixed-effects model predicting T1 at
the end of the scan as a function of T1 at the beginning. Each point repre-
sents a sample, color-coded and shaped by brain region: basal ganglia (green
circles), cortex (red triangles), and white matter (blue squares). The dashed
horizontal line at zero indicates perfect model fit. Residuals are symmetrically
distributed around zero; vertical spread in cortical samples suggests higher
residual variance compared to other regions.
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Intercept
(s)

Slope Inter-
subject Var.

(%)

Residual
Var. (%)

Basal Ganglia –0.14 ± 0.02 1.24 ± 0.03 66.90 33.10

White Matter –0.00 ± 0.02 1.03 ± 0.02 31.12 68.88

Cortex –0.11 ± 0.06 1.19 ± 0.06 15.80 84.20

Table 4.9: Results from linear mixed-effects models fitted separately for each
brain region to predict T1 at the end of the scan based on T1 at the beginning.
Reported values include the intercept and slope of the fixed effects, and the
percentage of variance attributed to inter-subject and residual components.

Model AIC

Basal Ganglia Linear Model –615.2

Mixed-Effects Model –676.7

White Matter Linear Model –1153.0

Mixed-Effects Model –1187.1

Cortex Linear Model –230.9

Mixed-Effects Model –217.6

Table 4.10: Comparison of Akaike Information Criterion (AIC) values between
standard linear regression and linear mixed-effects models for each brain region.
Lower AIC values indicate a better model fit.

ble 4.10) suggested that the mixed-effects model provided a better fit than the

simple linear model for basal ganglia and white matter, while the linear model

was slightly preferred for cortex.

In summary, T1 values increased from the beginning to the end of the scan

session, likely due to progressive tissue warming. This increase was more pro-

nounced in gray matter (basal ganglia and cortex) compared to white matter.

This suggest a convergence toward a common final temperature (approximately

room temperature) by the end of the scan. The following section investigates

the relationship between iron concentration and R1.
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Mean ± SD (mg/kg) Median (Q1–Q3) (mg/kg)

Basal Ganglia 146 ± 51 133 (105–179)

White Matter 44 ± 12 43 (35–51)

Cortex 35 ± 12 33 (27–42)

Table 4.11: Iron concentration in basal ganglia, white matter, and cortex,
reported as mean ± standard deviation (SD) and median with interquartile
range (Q1–Q3).

4.3 Iron Effects on R1 Variation

Region-wise summary of iron concentration

To characterize iron content across brain tissues, the mean, median, and

standard deviation (SD) of iron concentration were computed for each region of

interest (ROI), as reported in Table 4.11. A visual representation is provided in

Figure 4.15. The Shapiro–Wilk test indicated non-normal distribution of iron

concentration in all three regions (p < 0.05). Consequently, a non-parametric

Kruskal–Wallis test was applied, revealing a significant effect of brain region on

iron concentration (p < 0.01). Post hoc pairwise comparisons using Dunn’s test

with Bonferroni correction showed significantly higher iron levels in the basal

ganglia compared to both white matter and cortex (p < 0.01). In addition,

white matter had significantly higher iron content than cortex (p < 0.01).

Region-specific linear regression models

To evaluate the relationship between iron concentration and longitudinal

relaxation rate (R1), linear regression models were fitted separately for each

brain region. The results are summarized in Table 4.12. In the basal gan-

glia, the regression showed a significant positive association (p < 0.01) with

a modest explanatory power (R2 = 0.15), indicating that iron concentration

accounts for a small proportion of R1 variability. This relationship is illus-

trated in Figure 4.16. In white matter, the association was weak and negative

(R2 = 0.02), with a slope that was marginally significant (p = 0.05). In the
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Figure 4.15: Mean iron concentration across brain regions, measured in mg/kg
of fresh tissue. Vertical error bars represent ±1 standard deviation.

Intercept
(s−1)

Slope
(s−1/mg/kg)

R² p-value

Basal Ganglia 1.12 1.01× 10−3 0.15 <0.01*

White Matter 1.25 −1.15× 10−3 0.02 0.05

Cortex 0.86 3.08× 10−3 0.09 0.01*

Table 4.12: Linear regression results between iron concentration and R1 in
different brain regions.

cortex, a significant positive slope was observed (p = 0.01), but the low R2

value (R2 = 0.09) suggests limited predictive value of the linear model. The

cortical relationship is shown in Figure 4.17.

Residual diagnostics were performed to assess the validity of model assump-

tions. According to the Shapiro–Wilk test, residuals in basal ganglia and

cortex did not significantly deviate from normality (p = 0.10 and p = 0.34, re-

spectively), while the white matter model failed the normality test (p < 0.01).

Nonetheless, Q–Q plots and residual histograms revealed only minor deviations

from normality, mostly confined to the distribution tails (Figure 4.18).
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Figure 4.16: Linear regression between iron concentration and R1 in the basal
ganglia. Each point represents a matched MRI–ICP-MS sample. The regres-
sion line is shown with ±1 standard error (SE).
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Figure 4.17: Linear regression between iron concentration and R1 in the cortex.
Each point represents a matched MRI–ICP-MS sample. The regression line is
shown with ±1 standard error (SE).
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Figure 4.18: Q–Q plot of residuals from the linear regression model between
iron concentration and R1 in white matter. Despite the Shapiro–Wilk test
indicating non-normality, visual inspection reveals only minor deviations from
the expected normal distribution.

Subject-specific regression models

To assess inter-individual variability in the relationship between iron con-

centration and longitudinal relaxation rate, subject-specific linear regression

models were fitted separately for each brain region. Table 4.13 reports the

mean ± standard error (SE) of slope, intercept, and R2 across individual mod-

els, along with the number of subjects exhibiting statistically significant fits.

In the basal ganglia, regression slopes were generally positive, ranging from

3.7× 10−4 to 6.5× 10−3. Most intercepts were close to 1.0, with values span-

ning 0.89 to 1.23. These results are visualized in Figure 4.19, which displays

individual regression lines for each subject.

In the white matter, regression slopes varied in direction, ranging from

−6.9× 10−3 to 9.7× 10−3, with weak overall associations (R2 ranging from <

0.01 to 0.44). Intercepts spanned 1.07 to 1.66, and only two models reached

significance.

In the cortex, regression slopes were predominantly positive, ranging from

1.0×10−3 to 1.1×10−2, with modest associations (R2 between 0.02 and 0.62).
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Intercept
(s−1)

Slope
(s−1/mg/kg)

R² n

Basal Ganglia 0.98± 0.05 (2.1± 0.5) ·
10−3

0.65± 0.07 11

White Matter 1.22± 0.05 (−3.5± 1.2) ·
10−4

0.10± 0.04 2

Cortex 0.80± 0.05 (4.8± 1.9) ·
10−3

0.26± 0.08 1

Table 4.13: Summary of subject-specific linear regression models between iron
concentration and R1 across brain regions. Values are reported as mean ±
standard error (SE). “n” indicates the number of significant models per region.

Intercepts varied from 0.63 to 0.98, clustering around 0.8.

Mixed-effects models and model selection

To account for repeated measurements within subjects, linear mixed-effects

models were fitted for each brain region, including a fixed effect for iron concen-

tration and a subject-specific random intercept. Model results are presented

in Table 4.14.

In the basal ganglia, a significant positive association was found (t =

10.79), with iron concentration explaining a substantial portion of R1 vari-

ance. The inter-subject variability accounted for 71% of the total variance,

indicating considerable heterogeneity in baseline R1 values across individuals.

In white matter, no significant relationship was observed (t = −0.28) and

the model revealed a relatively balanced contribution of inter-subject (53.5%)

and residual (46.5%) variance. In the cortex, a significant positive association

was detected (t = 3.85), with a similar variance distribution (52.3% vs 47.7%).

Residual analysis supported the validity of the model assumptions. The

Shapiro–Wilk test confirmed normal distribution of residuals in all regions,

and Q–Q plots indicated symmetrical, approximately Gaussian distributions.

Based on AIC comparisons (Table 4.15), mixed-effects models outperformed

their corresponding fixed-effects models in all three regions, suggesting im-
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Figure 4.19: Subject-specific linear regressions between iron concentration and
R1 relaxation rate in the basal ganglia. Each point represents a matched
MRI–ICP-MS measurement, and each dashed line corresponds to a linear
model fitted separately for each subject. Colors and shapes are used to identify
subjects.

proved model fit when accounting for subject-specific variability.

4.4 Iron Effects on R1 in Basal Ganglia Subre-

gions

Subregion-wise summary of iron concentration

Given the significant association observed between iron concentration andR1

in the basal ganglia, a follow-up analysis was conducted to determine whether

this relationship is consistent across its subregions–namely the putamen, cau-

date nucleus, and globus pallidus–or primarily driven by regional differences in

iron content. Figure 4.20 displays the scatterplot of iron concentration versus

R1, color-coded by subregion.

To assess differences in iron content among subregions, mean, median, and

standard deviation (SD) were calculated and are reported in Table 4.16. As
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Intercept
(s−1)

Slope
(s−1 ·kg/mg)

Inter-
subject
Variance

(%)

Residual
Variance

(%)

Basal Ganglia 1.05 ± 0.04 (1.55 ±
0.14) · 10−3

71.03 28.97

White Matter 1.21 ± 0.03 (−1.70 ±
5.90) · 10−4

53.49 46.51

Cortex 0.84 ± 0.05 (3.66 ±
0.95) · 10−3

52.32 47.68

Table 4.14: Linear mixed-effects model results describing the relationship be-
tween iron concentration and R1 across brain regions. Reported values include
the fixed-effect estimates (intercept and slope) and the proportion of total vari-
ance attributed to inter-subject and residual components.

Model AIC

Basal Ganglia Linear Model -164

Mixed-Effects Model -244

White Matter Linear Model -394

Mixed-Effects Model -501

Cortex Linear Model -95

Mixed-Effects Model -105

Table 4.15: Comparison of Akaike Information Criterion (AIC) values between
standard linear and mixed-effects models for each brain region. Lower AIC
values indicate better model fit.

70



1.0

1.2

1.4

1.6

50 100 150 200 250
Fe (mg/kg)

R
1 (

s−1
)

Globus pallidus
Putamen
Caudate nucleus

Figure 4.20: Relationship between iron concentration and longitudinal relax-
ation rate R1 in basal ganglia subregions. Each point represents a tissue sample
from the globus pallidus (red circles), putamen (blue squares), or caudate nu-
cleus (green triangles).
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Region Mean ± SD (mg/kg) Median (Q1–Q3)
(mg/kg)

Globus Pallidus 208 ± 40 221 (183–240)

Putamen 158 ± 38 153 (130–183)

Caudate Nucleus 106 ± 28 103 (86–121)

Table 4.16: Iron concentration in basal ganglia subregions, reported
as mean ± standard deviation (SD) and median with interquartile range
(Q1–Q3).

shown in Figure 4.21, the globus pallidus exhibited the highest iron concen-

tration, followed by the putamen and caudate nucleus. The Shapiro–Wilk

test indicated normal distribution for iron values in the putamen and cau-

date nucleus (p = 0.30), but not in the globus pallidus (p < 0.05). A non-

parametric Kruskal–Wallis test confirmed significant differences among subre-

gions (p < 0.01). Post hoc Dunn’s tests with Bonferroni correction revealed

statistically significant differences between all pairs (p < 0.01).

Subregion-specific linear regression models

To further investigate the relationship between iron concentration and R1,

separate linear regression models were fitted for each subregion. Results are

summarized in Table 4.17 and visualized in Figure 4.22. Notably, the globus

pallidus showed a significant negative association, in contrast with the overall

positive trend observed in the pooled basal ganglia analysis. This may reflect

subregion-specific tissue properties or measurement variability. In all three

subregions, R2 values were low, suggesting that iron alone explains only a

small fraction of the observed variability in R1.

Residual analysis was used to assess model assumptions. The Shapiro–Wilk

test confirmed normal distribution of residuals in all three subregions (p >

0.05). This was further supported by Q–Q plots and histogram inspection,

which showed symmetrical and unimodal distributions without evidence of

outliers. While each data point corresponds to a distinct sample, the possibil-
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Figure 4.21: Mean iron concentration across basal ganglia subregions—globus
pallidus, putamen, and caudate nucleus—expressed in mg/kg of fresh tissue.
Vertical error bars represent standard deviations (SD).

Intercept
(s−1)

Slope
(s−1/mg/kg)

R² p-value

Globus Pallidus 1.61 −1.07× 10−3 0.19 0.03*

Putamen 1.22 0.45× 10−3 0.01 0.40

Caudate Nucleus 1.23 −0.39× 10−3 0.01 0.41

Table 4.17: Linear regression results between iron concentration (Fe) and R1 in
different basal ganglia subregions. Statistically significant results are indicated
with an asterisk.
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R² = 0.19
p = 0.03

n = 24
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Figure 4.22: Linear regressions between R1 and iron concentration in basal
ganglia subregions. Separate models are shown for the globus pallidus, puta-
men, and caudate nucleus. Each subplot includes the regression line with
shaded area indicating ±1 standard error.

ity of residual dependence due to within-subject clustering cannot be entirely

excluded. As such, these regression results should be interpreted with caution.

Taken together, these results highlight region-specific and subregion-specific

patterns in the relationship between iron content and longitudinal relaxation.

The observed variability, particularly within the basal ganglia, suggests that

other tissue characteristics may modulate the effect of iron on R1. These

aspects are further explored in the Discussion section.
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Chapter 5

Discussion and Conclusion
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This chapter provides a critical interpretation of the results presented in

the previous section, with the aim of assessing the physiological and method-

ological significance of the observed trends. The discussion is structured to

mirror the organization of the Results chapter, enabling a focused interpreta-

tion of each specific analysis. Particular attention is given to the reliability

of temperature measurements and their influence on T1 estimation, the tissue-

specific sensitivity to temperature changes, and the potential role of iron con-

tent in modulating R1 values. Limitations related to experimental design, such

as post-mortem interval, and intra-subject data structure, are also addressed.

The chapter concludes with a summary of the main findings, highlighting their

implications for future post-mortem MRI reasearch and for the interpretation

of relaxation parameters under post-mortem conditions.

5.1 Temperature Dependence of T1 Relaxation

The results of this study confirm a temperature dependence of longitudinal re-

laxation time (T1) in post-mortem brain tissue, with significant positive trends

observed in gray matter regions such as the cortex and basal ganglia. These

findings align with prior literature reporting linear temperature–T1 relation-

ships in unfixed, in-situ post-mortem brain tissue [10, 48, 50]. However, the

temperature coefficients estimated here are notably lower than those reported

by Birkl et al. [9, 36], who conducted controlled heating of unfixed brain slices

to precisely quantify the temperature-dependent relaxation changes. This dis-

crepancy likely reflects a central difference of the present dataset: the tempera-

ture values used in the regression analysis were based on core body temperature

measurements acquired externally (e.g., in the body bag) several hours before

the MRI scan. Such measurements are not only temporally displaced, but they

may also be physiologically distant from the actual brain temperature during

acquisition, which can differ substantially from core body temperature due to

region-specific cooling dynamics and thermal equilibration occurring over time

[78].

Post-mortem brain temperature is also known to change during scanning
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due to both passive thermal equilibration with the ambient environment and

RF-induced heating, resulting in gradual warming of brain tissue toward room

temperature [8, 79]. In the present analysis, the lack of real-time brain or

forehead temperature monitoring precluded accurate estimation of the tissue

temperature at the time of image acquisition, thereby undermining the quan-

titative robustness of the regression. Notably, despite white matter present-

ing an extrapolated T1 value closest to the literature reference, the regression

model in this region yielded a negative and non-significant slope, further high-

lighting the unreliability of the core temperature data. In line with previous

findings, the minimal temperature dependence observed in white matter may

also reflect inherent biophysical properties of this tissue, such as the limited

molecular mobility in the intracellular cytoplasm of myelinated axons and the

overall lower water content compared to gray matter, both of which are known

to influence longitudinal relaxation dynamics [80, 81].

As shown in Table 4.3, T1 values extrapolated to 37°C were consistently

lower than in vivo reference values, with discrepancies ranging from –6.2% in

white matter to –38.2% in the basal ganglia. While such underestimation may

suggest an intrinsic post-mortem shift in relaxation behavior, previous studies

have shown that accurate extrapolation can yield values close to in vivo refer-

ence even in unfixed tissue. In particular, Birkl et al. [9] performed controlled

heating of unfixed brain samples and obtained extrapolated T1 estimates at

37°C that closely matched those measured in living subjects. The discrepancy

observed here therefore likely reflects methodological limitations — chiefly,

the imprecise estimation of brain temperature at scan onset. In addition, un-

modeled covariates such as post-mortem interval, tissue hydration, and myelin

content may contribute to regional T1 variability and should be considered in

future studies aiming to bridge post-mortem and in vivo relaxation metrics.

It is also important to acknowledge that T1 values in the cortex were avail-

able only for a subset of subjects, due to the progressive extension of ROI

segmentation during the study. This reduced sample size may have influenced

the stability of the regression estimates and limited the generalizability of the

cortical results. Consequently, comparisons between cortical and subcortical
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structures should be interpreted with caution, as they may be partially con-

founded by unequal subject representation across regions.

Additionally, while tissue temperature in this study was not directly mea-

sured and was unlikely to reach critical thresholds, it is worth noting that

elevated temperatures can, in other contexts, accelerate enzymatic degrada-

tion in unfixed samples [44]. Hence, thermal monitoring remains advisable in

post-mortem MRI, especially for long or high-energy protocols.

Direct comparison with previous studies is further complicated by sub-

stantial differences in experimental setup. While Zech et al. [48] relied on core

temperatures measured in the esophagus, and Birkl et al. [9] performed con-

trolled heating of extracted brain tissue, the present study was conducted in

situ without the possibility of acquiring brain temperature data or scanning the

same subjects at multiple temperature points. These constraints limited the

ability to quantify subject-specific temperature effects and to assess the role of

underlying structural features, such as regional myelin content, in modulating

T1 [1]. Although pooling measurements across voxels and regions may have

reduced intra-subject variability due to tract-specific effects, it likely averaged

out physiologically meaningful differences in tissue composition, particularly

in white matter.

Moreover, variations in post-mortem interval (PMI), tissue hydration, and

water content can alter relaxation properties, especially in white matter where

low water content and anisotropic microstructure constrain molecular mobility

[82]. In particular, PMI has been shown to influence the biochemical composi-

tion of brain tissue, including metabolite concentrations measurable via MRS

[47]. As PMI increases, ongoing autolysis and decomposition processes may

progressively modify tissue integrity and microstructure, potentially altering

relaxation dynamics [82]. In the present study, PMI varied between subjects

and was not included as a covariate in the regression models. This decision

was motivated by the inverse relationship observed between PMI and initial

core temperature: longer PMI typically corresponds to prolonged refrigera-

tion and, consequently, lower temperature at the time of scanning. Including

both variables as independent predictors would likely introduce multicollinear-
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ity, making it difficult to disentangle their individual contributions. Although

PMI was not explicitly modeled, its potential influence on tissue characteris-

tics may have contributed to inter-subject variability and to the uncertainty

of the estimated regression slopes.

An additional aspect relates to the structure of the dataset, which includes

multiple T1 measurements per subject and per region. In this context, the as-

sumption of independence underlying simple linear models may not be fully

met. Although the naive pooled regression approach—treating all observations

as independent—offers a useful descriptive framework and facilitates compar-

ison with previous studies, it does not explicitly account for within-subject

dependencies. To address this limitation and better model intra-subject vari-

ability, additional analyses were performed using linear mixed-effects models.

While visual inspection of residuals did not suggest clear model violations,

the resulting p-values and slope estimates must be interpreted cautiously.

Overall, given the cumulative impact of these limitations–especially the un-

reliable temperature estimates–the regression analysis should be viewed as

descriptive rather than inferential, and interpreted primarily as a qualitative

exploration of temperature-related trends.

To avoid the issue of poorly defined absolute core temperatures, a com-

plementary analysis was performed by comparing T1 values at the beginning

and end of each scan session, thus leveraging within-scan thermal dynamics to

isolate temperature-driven changes. This approach — closer to the strategies

adopted in studies using real-time forehead or brain temperature monitoring

[10, 50] — provides an alternative and potentially more robust means of cap-

turing temperature effects in post-mortem MRI. The results of this analysis

are discussed in the following section.

5.2 Intra-Scan Temperature Effects on T1

The comparison between T1 values at the beginning and end of the scan re-

vealed a consistent increase across all brain regions, with the most pronounced

effect observed in gray matter. These findings are in line with the hypothesis
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that brain tissue warms progressively during the scanning session, likely due to

a combination of passive thermal equilibration with the ambient environment

and RF-induced heating [8, 79]. Although direct temperature measurements

were not available, the observed trends are consistent with prior studies in

post-mortem imaging showing gradual warming of brain tissue over time [10,

50].

The high correlation (r = 0.96) between start and end T1 values suggests

that despite the temperature rise, the relative differences in relaxation times

across regions and subjects are preserved. Linear regression analyses confirmed

significant increases in T1 with strong fits (R2 > 0.90) in all brain regions, with

slopes highest in the cortex, followed by the basal ganglia and white matter.

However, this ordering was not consistent across models: in the linear mixed-

effects model, the slope for the basal ganglia was slightly greater than that

of the cortex, and the subject-specific regression models showed no significant

difference between these two regions. These results suggest that, while earlier

studies have reported higher temperature sensitivity in the cortex [9, 36], the

present data do not support a significant distinction in slope between the two

gray matter structures. This consistency across models reinforces the idea that

gray matter as a whole exhibits stronger temperature dependence than white

matter, but without substantial differentiation between its subregions.

Individual-level analyses further support these findings, showing that slopes

were consistently lower for white matter across most subjects. The significance

of these differences was statistically confirmed through Welch’s ANOVA and

post hoc comparisons, which revealed that white matter differed significantly

from the cortex and basal ganglia, while no significant differences were found

between the two gray matter regions. These observations are consistent with

earlier findings and support the notion that white matter’s relaxation behavior

is less influenced by temperature variation, likely due to its structural compo-

sition.

The application of mixed-effects models added further robustness to the

interpretation by accounting for inter-subject variability. The results confirmed

a significant interaction between initial T1 values and brain region, particularly
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in white matter, where the slope relating T1,start to T1,end was lower than in

other regions. Notably, the random effect component was minimal, suggesting

that most of the observed variance is attributable to fixed effects rather than

subject-specific differences. This supports the generalizability of the observed

trends across the study cohort.

Finally, model comparison based on Akaike Information Criterion (AIC)

values provided further insights into model adequacy across regions. As shown

in Table 4.10, the mixed-effects model was preferred over the simple linear

model for both the basal ganglia and white matter, indicating that incorpo-

rating subject-level variability improves model performance in these regions.

In contrast, for the cortical region, the linear model yielded a lower AIC, sug-

gesting that additional subject-level random effects did not substantially en-

hance model fit. This result is consistent with the relatively low inter-subject

variance estimated in the cortex and may reflect more homogeneous T1 re-

sponses to temperature in this region. It is also worth noting that this finding

could be influenced by the smaller number of subjects with available cortical

measurements compared to the basal ganglia and white matter (8 vs. 13 sub-

jects), potentially limiting the ability of the mixed-effects model to capture

subject-level variability in this region. This caveat applies more broadly to

all cortex-related analyses, including pooled and individual-level regressions,

which were necessarily based on a reduced subset of subjects.

Intra-scan temperature effects are particularly critical in post-mortem imag-

ing, where the absence of thermoregulatory mechanisms can result in consider-

able heating during high-resolution acquisitions. Unlike the in vivo setting —

where perfusion and vasodilation help maintain tissue homeostasis — unfixed

post-mortem samples are thermally passive, and the energy absorbed from

continuous RF pulses is not dissipated [31]. Inversion recovery sequences, espe-

cially those with long repetition times (TR), are associated with higher energy

deposition, increasing the likelihood of progressive tissue warming during the

scan [31]. These effects are further exacerbated when the initial temperature

of the specimen is lower than ambient, as commonly occurs with refrigerated

samples.
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Although the results were consistent across modeling approaches, it is im-

portant to note that both the initial region-wise regressions and subject-specific

models assumed independence between observations. In the case of the pooled

models, this may have led to underestimation of standard errors, while the

subject-level regressions, although more robust to clustering, did not correct

for unequal sample sizes across subjects or regions. These limitations were

partially mitigated by the application of linear mixed-effects models, which

formally incorporated subject-level variability and provided a more appropri-

ate framework for inference.

Despite the strength of these results, some limitations must be acknowl-

edged. The lack of direct temperature monitoring prevents precise estimation

of the temperature change during the scan. In addition, the assumption that

all subjects reached similar final temperatures is unverified and could intro-

duce bias, especially if different subjects started at different thermal states or

experienced heterogeneous heating rates. The cone-shaped residual pattern

observed in the mixed model further suggests that temperature-related vari-

ability may not be fully captured, particularly in regions like the cortex where

heating might be more rapid or substantial.

Overall, the intra-scan T1 variation provides compelling indirect evidence of

temperature effects on longitudinal relaxation time and supports the hypothe-

sis that tissue temperature increases during the course of the MRI acquisition.

This reinforces the importance of accounting for scan duration and thermal dy-

namics when interpreting post-mortem T1 measurements, especially in studies

aiming to compare across individuals or time points.

5.3 Iron-Related Modulation of R1

The relationship between iron concentration and the longitudinal relaxation

rate (R1) was examined across different brain regions using multiple statistical

approaches. A significant positive association was observed in the basal gan-

glia, consistent with its high iron concentration as previously reported in the

literature [53, 54] and confirmed in the present dataset (see Table 2.1). How-
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ever, the coefficient of determination was relatively low (R² = 0.15), suggesting

that iron concentration accounts for only a limited portion of the variability in

relaxation rate. In white matter, a negative and borderline-significant trend

was observed (p = 0.05), whereas the cortical region showed a statistically

significant positive slope but a similarly low explanatory power (R² = 0.01).

These findings indicate that, although a correlation exists in some regions, the

strength of the association is modest and possibly influenced by other tissue-

specific factors.

It is important to note that iron concentrations reported in this study

were obtained using inductively coupled plasma mass spectrometry (ICP-MS)

on tissue samples. This technique provides an absolute and highly sensitive

measure of total elemental iron in milligrams per kilogram of fresh brain tis-

sue, and has been validated in previous post-mortem imaging studies, includ-

ing QSM-based investigations [56]. However, it does not distinguish between

chemical forms of iron (e.g., ferritin-bound vs. labile), nor does it account

for microstructural properties such as compartmentalization, myelin content,

or water mobility. These factors - especially relevant in white matter - may

modulate the effectiveness of iron-proton interactions and help explain the

weaker and more variable R1 dependencies observed in regions with lower iron

concentrations (see Fig. 4.15).

Subject-specific regression models revealed further complexity. In the basal

ganglia, most subjects showed a positive slope between R1 and iron, with slope

estimates ranging from 3.7× 10−4 to 6.5× 10−3 s−1/(mg/kg). This reinforces

the idea of an overall positive association at the population level. However,

individual model performance varied considerably in terms of explained vari-

ance, and not all models reached significance. In the cortex and white matter,

findings were more heterogeneous, with slope directions varying and only a few

significant models. These inconsistencies emphasize the role of inter-subject

variability and microstructural differences in shaping R1 values, particularly

in regions with lower iron content.

Mixed-effects models provided more robust estimates by incorporating

subject-level random effects. These models confirmed a significant positive
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relationship between iron and R1 in both the basal ganglia and cortex, but not

in white matter. In the cortex, the limited number of subjects with available

iron and R1 data may have reduced the sensitivity of the models, and the re-

sults should be considered preliminary. In the basal ganglia, the slope estimate

from the mixed-effects model was higher than in the global linear model, and

most of the variance was attributable to inter-subject differences. This sug-

gests that while iron contributes to the relaxation rate in this region, baseline

differences between individuals (e.g., age, PMI, or brain temperature) play an

important role. The model comparison via AIC confirmed that mixed-effects

models provided better fit across all regions, highlighting the importance of

accounting for subject-level heterogeneity when studying biophysical tissue in

post-mortem data. However, even when inter-subject variability is explicitly

modeled, the association between R1 and iron likely reflects the influence of

additional unmeasured covariates — such as tissue hydration, myelin content,

or temperature — that were not included in the models. These factors may

interact with iron concentration in region-specific ways, limiting the general-

izability of the observed relationships.

A critical concern, however, is whether the significant iron-R1 association

observed in the basal ganglia reflects a true continuous relationship or is con-

founded by regional clustering of iron values. Indeed, the globus pallidus ex-

hibited substantially higher iron concentrations than the caudate nucleus and

putamen, consistent with prior studies [53, 54]. The large inter-subregional dif-

ferences may inflate the correlation observed when treating the basal ganglia as

a single pooled region. To address this, regression analyses were repeated sep-

arately within each subregion. Results showed that only the globus pallidus

had a significant (and unexpectedly negative) association between iron and

R1, while the putamen and caudate nucleus did not show significant relation-

ships. Moreover, the direction of the slope in the globus pallidus contradicts

the general expectation, raising doubts about the robustness of the overall

finding. Rather than a true region-wide association, this pattern likely reflects

a confounding effect introduced by aggregating structurally and chemically

heterogeneous subregions. This kind of artifact–sometimes referred to as ag-
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gregation bias or ecological fallacy–occurs when a correlation observed at the

group level does not hold within the subgroups, due to systematic differences

in group means. Such effects emphasize the importance of stratified analyses,

especially when interpreting relaxation-iron relationships across anatomically

heterogeneous brain structures, where pooled associations may obscure more

complex or divergent local behaviors. In this case, the apparent relation-

ship between iron and R1 may be primarily driven by the higher mean iron

concentration in the globus pallidus, rather than a meaningful voxel-wise or

subject-level relationship across the basal ganglia.

Such interpretation aligns with prior evidence. Studies by Vymazal et

al. [22] and Koenig et al. [68] found that while regional iron concentration can

explain inter-regional differences in R1, intra-regional correlations are often

weak or absent. Similarly, the study by Ogg et al. [13] demonstrated substantial

regional differences in iron relaxivity across cortex, white matter, and basal

ganglia, suggesting that the magnetic and biochemical state of iron - as well as

its interaction with surrounding water and myelin - varies substantially across

the brain. This is further supported by the observation that regions such as

the cortex and white matter, which contain lower and more homogeneous iron

concentrations (as shown in Fig. 4.15), exhibited weaker and more inconsistent

R1 dependencies.

Temperature may also influence the observed associations. According to

Curie’s Law, the paramagnetic susceptibility of iron decreases with increasing

temperature, potentially reducing its impact on R1 [75]. Since brain temper-

ature during post-mortem MRI is not constant and not directly measured in

this dataset, inter-subject variability in temperature may contribute to the ob-

served inter-subject variance and to the region-specific model differences. This

is particularly relevant given that the mixed-effects model for the basal ganglia

attributed more than 70% of variance to inter-subject effects.

Additionally, it should be acknowledged that prolonged post-mortem in-

terval (PMI) may not only alter general tissue integrity but also influence the

mobility and binding state of iron, thereby affecting its contribution to relax-

ation behavior. Although the direct effect of PMI on iron relaxivity remains
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poorly characterized, prior studies have shown that autolytic processes during

decomposition can disrupt the molecular structure and water compartmental-

ization [82, 83]. These alterations may interfere with the magnetic interactions

between iron and surrounding water protons, particularly in unfixed tissue. In

this dataset, PMI ranged from 12 to 64 hours, introducing an additional layer

of subject-level variability that cannot be explicitly modeled but should be

considered when interpreting the model and region-specific iron-R1 associa-

tions.

In conclusion, while the data provide partial evidence of an association

between iron concentration and R1 in post-mortem brain tissue–especially in

the basal ganglia–this relationship appears modest, region-specific, and poten-

tially confounded by inter-subregional clustering and subject-level factors. The

results underscore the complexity of iron-related relaxation mechanisms and

support the need for future multimodal studies combining quantitative MRI,

histology, and biochemical mapping to disentangle the effects of iron, myelin,

temperature, and tissue degradation in post-mortem brain imaging.

5.4 General Conclusions and Future Perspec-

tives

This study provides an integrative assessment of how temperature and iron

concentration influence longitudinal relaxation parameters in post-mortem brain

tissue. By combining quantitative MRI with post-mortem biochemical analy-

ses, it offers complementary perspectives on the biophysical mechanisms un-

derlying T1 and R1 variability in unfixed human brains.

Three key findings emerge from the analyses:

• T1 relaxation time shows clear sensitivity to temperature changes, both

across and within scan sessions. This effect is stronger in gray matter

than in white matter, consistent with prior evidence and the known

structural differences between these tissue types.

• A significant positive association between iron concentration and R1 was

86



observed in the basal ganglia, supporting prior findings on the paramag-

netic effects of iron on relaxation rates.

• However, further analysis suggested that this relationship may be largely

driven by regional clustering of iron levels, rather than by continuous

within-region variation.

Despite these findings, methodological limitations—such as imprecise tem-

perature measurements, unmodeled covariates (e.g., PMI, hydration, myelin),

and substantial inter-subject variability—should be considered when interpret-

ing the results, as they may affect the robustness of linear model estimates

without necessarily diminishing the biological relevance of the observed trends.

Overall, these results highlight the complex interplay between thermal dy-

namics, tissue composition, and magnetic properties in shaping post-mortem

relaxation behavior. They also emphasize the importance of multimodal ap-

proaches and stratified analyses in studies aiming to bridge imaging and his-

tological measures in neuropathology.

Future work should prioritize the integration of more precise physiolog-

ical monitoring (e.g., real-time brain temperature) and improved characteri-

zation of tissue microstructure, while leveraging the available complementary

imaging modalities already included in this dataset, such as diffusion tensor

imaging (DTI) and magnetic resonance spectroscopy (MRS). The addition of

further techniques, including quantitative susceptibility mapping (QSM), may

help refine the interpretation of post-mortem MRI data and strengthen its

translational relevance for validating in vivo biomarkers and advancing our

understanding of neurodegenerative diseases.
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