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Abstract

Background: Sensorineural hearing loss in beta-thalassemia is common and it is generally associated with iron
chelation therapy. However, data are scarce, especially on adult populations, and a possible involvement of the
central auditory areas has not been investigated yet. We performed a multicenter cross-sectional audiological and
single-center 3Tesla brain perfusion MRI study enrolling 77 transfusion-dependent/non transfusion-dependent adult
patients and 56 healthy controls. Pure tone audiometry, demographics, clinical/laboratory and cognitive functioning
data were recorded.

Results: Half of patients (52%) presented with high-frequency hearing deficit, with overt hypoacusia (Pure Tone Aver-
age (PTA) > 25 dB) in 35%, irrespective of iron chelation or clinical phenotype. Bilateral voxel clusters of significant rela-
tive hypoperfusion were found in the auditory cortex of beta-thalassemia patients, regardless of clinical phenotype.

In controls and transfusion-dependent (but not in non-transfusion-dependent) patients, the relative auditory cortex
perfusion values increased linearly with age (p < 0.04). Relative auditory cortex perfusion values showed a significant
U-shaped correlation with PTA values among hearing loss patients, and a linear correlation with the full scale intel-
ligence quotient (right side p=0.01, left side p=0.02) with its domain related to communication skills (right side
p="0.04, left side p=10.07) in controls but not in beta-thalassemia patients. Audiometric test results did not correlate
to cognitive test scores in any subgroup.

Conclusions: In conclusion, primary auditory cortex perfusion changes are a metabolic hallmark of adult beta-
thalassemia, thus suggesting complex remodeling of the hearing function, that occurs regardless of chelation therapy
and before clinically manifest hearing loss. The cognitive impact of perfusion changes is intriguing but requires further
investigations.
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survival has strikingly changed after the introduction of
iron chelators that enabled the prevention and manage-
ment of iron related systemic complications [1]. How-
ever, prolonged chelation therapy with the first chelator
(deferoxamine) brought to light an outbreak of sensori-
neural hearing loss in surviving patients and it provided
evidence of dose related ototoxicity, for which a corre-
lation with the dose (therapeutic index: dosage/ferritin)
was suggested [2]. This led to routine auditory assess-
ments, especially in TDT patients, and to a more tailored
treatment management for preventing iatrogenic hear-
ing deficits [3]. Nonetheless, a recent meta-analysis still
showed hearing deficits in nearly one fourth of pediatric
beta-thalassemia patients treated with deferoxamine [4].
The latter observation challenged the role of deferoxam-
ine in the pathogenesis of hypoacusia in beta-thalassemia
and raised the suspicion that other causative factors
could be equally, or even more, important. In addition,
hearing loss has been reported also in patients under-
going iron chelation with deferiprone and deferasirox
[5—7], the most recent and oral iron chelators. All these
data brought out how our knowledge on hearing deficits
in beta-thalassemia is far too little, especially while deal-
ing with adult populations, non-Transfusion-Dependent
Thalassemia (NTDT), other chelators than deferoxamine,
or even patients naive for iron chelation [8]. Most impor-
tantly, an important issue of hearing deficit has been so
far completely neglected in beta-thalassemia, i.e. the
possible involvement of the brain in terms, for example,
of auditory cortex metabolism or possible relationships
with cognitive functioning. Indeed, hearing loss has been
found to be associated with significant auditory cortex
perfusion changes in age-related hearing loss [9], provid-
ing intriguing evidence about the interactive link between
sensory deficit and brain metabolism. On the other hand,
hearing loss might favor social isolation, depression, and
cognitive decline [10], that indeed have been repeatedly
shown in beta-thalassemia [11-13]. in spite of no evi-
dence of brain iron overload or increased parenchymal
vascular-like lesion burden [14-16]. Intriguingly, verbal
abilities seem to be the most severely affected both in
TDT and NTDT patients [13].

In this scenario, there is a growing need to better
define the hearing loss features, including type, preva-
lence, pathogenesis, evolution, and impact on cognitive
functioning. This effort would be important for disen-
tangling the possible pathogenic links and compensatory
mechanisms, to identify new targets for prevention and
management of some of the disease related aspects
that might considerably impact on patients’ quality of
life. We performed a multicenter single-scanner cross-
sectional MRI study analyzing non-invasively in beta-
thalassemia patients and healthy controls the auditory
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cortex perfusion changes occurring in relation with clini-
cal phenotype, age, audiological findings and cognitive
performances.

Methods

Subjects

Study subjects were patients with transfusion-dependent
and non-transfusion-dependent Thalassemia (TDT and
NTDT, respectively) aged more than 16 years and healthy
controls who had participated in previous multimodal
brain MRI and neurocognitive studies [13, 14]. The study
was approved by the Ethic Committee (approval number
161/15), and all subjects signed an Informed Consent
before data collection.

Audiological evaluation

Most patients were undergoing annually pure tone audi-
ometry as per clinical practice (see online material); the
evaluations closest to the MRI assessments were col-
lected; for those patients who did not have an audiologi-
cal test available (i.e. NTDT patients naive for ICT), a
pure-tone audiometry was purposefully performed.

Pure Tone Average (PTA) was calculated as the mean
in dB of the four central frequencies tested in the tonal
audiometric examination (500,1000,2000,4000 Hz). Nor-
mal hearing was defined if PTA was between 0 and 25
decibels (dB nHL); the degree of hearing loss was classi-
fied according to World Health Organization—Grades of
Hearing Impairment in different levels of severity: mild
hearing loss (26—40 dB nHL), moderate hearing loss (41—
60 dB nHL), severe hearing loss (61-80 dB nHL) and pro-
found hearing loss (>81 dB nHL).

Additionally, three main groups were identified based
on audiometric profile: patients with normal audition
(NA, PTA <25 dB), patients with hearing loss in at least
one frequency but normal PTA (fHL), and patients with
overt hearing loss (HL, PTA > 25 dB).

MRI data evaluation
All study participants underwent brain MRI on the same
3.0 T scanner (MAGNETOM Skyra, Siemens, Erlangen
Germany) with a 20-channel head and neck coil.
Cerebral Perfusion weighted maps (PWI) were
obtained from brain images acquired using a 3D
Pulsed Arterial Spin Labeling (PASL) sequence
with labeling scheme FAIR Q2TIPS, TR=5000 ms,
TE=16.38 ms, matrix-size 64 x 64 voxels, voxel-reso-
lution =3 x 3 x 3 mm?, bolus-duration 700 ms, inver-
sion-time (T1) =1990 ms, 2 repetitions, 50 slices, (total
acquisition-time: 5.25 min). This series was acquired
with the subject at rest with eyes open. For anatomi-
cal reference a 3D-T1-weighted magnetization pre-
pared rapid gradient echo (MPRAGE) sequence was
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also acquired with TR=2400 ms, TE=2.25 ms, reso-
lution=1x1x1 mm? matrix-size =256 x 256, gen-
eralized autocalibrating partially parallel acquisitions
(GRAPPAs) factor of 2 in phase-encoding direction.

The perfusion analysis method is reported in the
online material.

Since the interest was focused regionally on the
auditory cortex, to reduce the intrinsic inter-subject
variability related to both physiological and techni-
cal aspects of ASL acquisition, relative cerebral blood
flow (rCBF) values were obtained after normalization
to the mean regional rCBF value of a non-auditory sen-
sory brain region. For this purpose the mask of bilateral
occipital cortex was obtained using pickatlas toolbox in
SPM [17] and the rCBF mean value was extracted for
each subject and used as a normalization factor. For
the voxel-wise analyses a general linear model (GLM)
full factorial design (as implemented in SPM) was used
with one between subjects factor (group) of three lev-
els (healthy controls, TDT, NTDT) and one covariate
(age). The voxel-based analysis was carried out locally
in the bilateral auditory cortex defined by an anatomi-
cal mask according to a cytoarchitectonic atlas [18].
T-maps were thresholded at p<0.001 voxel-level and
only clusters at p<0.05 family-wise error corrected at
the cluster level were considered significant.

Cognitive functioning assessment
Study subjects underwent a pool of psychometric tests
included in the Wechsler Adult Intelligence Scale-Fourth
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Edition (WAIS-IV) [13]. For this analysis Full-Scale Intel-
ligence Quotient (FSIQ) and WAIS main domain scores
were considered (see online material).

Statistical analysis

Comparisons between groups were performed using the
T test, the Mann—Whitney U test and the Chi-square test
(or the Fisher Exact test when required) for respectively
normally distributed, ordinal and qualitative non ordinal
variables. The linear correlation between two variables
was tested using Pearson’s correlation. Statistical signifi-
cance was set at p <0.05. Finally, an analysis of covariance
(ANCOVA) was used to assess the linear dependence of
the mean rCBF values in the AC and the PTA separately
for the groups with hearing impairment (HL and fHL).
Only descriptively, the same dependence was also inves-
tigated using a polynomial fitting (bsquare fit).

Results

Subjects

Seventy-seven patients (54 TDT and 23 NTDT) and 56
healthy controls were enrolled; demographics and clini-
cal characteristics are shown in Table 1. Beta-thalassemia
patients did not differ from controls for age and gender,
though TDT were older than NTDT patients (p <0.01).

Pure tone audiometry

Seventy-one patients (51 TDT and 20 NTDT, mean-age
34.3 £10.6 years, 44 females) underwent auditory assess-
ment; air conduction charts are presented in Fig. 1.

Table 1 Patients's demographics and clinical characteristics; *mean Hb in TDT refers to pre transfusional values; LIC: liver iron
concentration; DFO: Deferoxamine; DFP: Deferiprone; DFX: Deferasirox

DT NTDT All Patients Controls
(n=54) (n=23) (n=77) (n=56)
mean age, years 364£9.2 303£115 346£105 339+£108
Females, n(%) 34(62.9) 13 (56%) 47 (61.0) 36 (64.3)
Splenectomized, n (%) 35 (64.8) 9 (39%) 44 (57.1) 0
Hb*(g/dl), mean+SD 92405 93409 934038 NA
Hb at MRI (g/dl), mean £ SD 96+1.1 93+09 9541 NA
Ferritin (ng/ml), mean £ SD 8770+ 6844 364.1+£290.8 7362+641.7 NA
LIC (mg/gdw), mean £ SD 43430 6.7+£54 49437 NA
Iron Chelation Therapy
DFO ever, n (%) 50 (92.6) 6(26.1) 56 (72.7) 0
ongoing, n (%) 14 (25.9) 2(8.7) 16 (20.8) 0
current dose, mg/kg 358+£30 200+£1.6 335+64 0
DFP ever, n (%) 21(38.9) 0 21(27.3) 0
ongoing, n (%) 4(74) 0 5(6.5) 0
current dose, mg/kg 73.6+£24 0 736+£24 0
DFX ever, n (%) 50 (92.6) 8(34.8) 58 (75.3) 0
ongoing, n (%) 35(64.8) 4(174) 38(49.3) 0
current dose, mg/kg 27.8+8.1 10.1£06 21.54+104 0
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Any degree of hearing deficit was noted in 37/71
patients (52.1%, 19/37 females; 30/51 TDT, 7/20 NTDT,
p>0.05). Mean-age of patients with hearing deficit was
37.8+9.5 versus normal hearing patients 30.5+10.5
(p=0.003). Three out of seven NTDT patients with
abnormal audiometry never took iron chelation therapy.
Overt hypoacusia (PTA>25 dB) was found in 25/71
patients (35.2%; 19 TDT and 6 NTDT) and 12/71 (14.9%;
11 TDT and 1 NTDT) were classified as fHL (one or more
abnormal frequencies in spite of PTA <25 dB). Among
patients with PTA >25 dB, hypoacusia was mild in 18/25
(mean PTA right 28.4, range 15-40; left 29.6, range 17.3—
40), moderate in 5/25 and severe in 2/25 (ipsilaterally to a
cholesteatoma and otosclerosis respectively).

In 28/37 patients hearing loss was sensorineural
(SNHL, including both fHL and HL; five were NTDT
patients): it was bilateral and symmetric in 50% of the
subjects. Conductive deficits were found in 3/37 (two
because of otosclerosis and one because of unilateral
cholesteatoma); three a mixed deficit, one had SNHL at
one side and conductive at the other, two had SNHL one
side and mixed the other.

MRI analyses: regional relative brain perfusion

Whole brain perfusion is expected to be globally
increased due to anemia [19] and this was clearly seen
when comparing beta-thalassemia patients and controls
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(data not shown). To overcome this limit we calculated
a rCBF ratio (between two non-overlapping regions both
involved in stimuli perception, namely the auditory and
the visual cortices) thus minimizing the effect of hemo-
globin levels on the cerebral perfusion. This ratio also
allowed us to consider our pulsed arterial spin labelling
(PASL) sequence suitable for quantification of cerebral
blood flow providing meaningful and comparable meas-
ures of rCBE.

Accordingly, the auditory cortex in beta-thalassemia
patients showed a significant relative hypoperfusion in
the Heschl’s gyrus and the neighboring cortex bilater-
ally (left cluster size =331 voxels; right clusters size =94
voxels and 78 voxels; 1 voxel =27mm3; Fig. 2). No differ-
ences were found between TDT and NTDT or according
to chelation therapy.

In healthy controls, the relative left and right auditory
cortex perfusion values showed a linear increase with age
(left: p=0.035, r=0.28, right: p<0.001, r=0.45), that
was replicated in TDT patients (left: p<0.001, r=0.67,
right: p<0.001, r=0.53); in NTDT patients no significant
changes appeared in the auditory cortex perfusion values
with increasing age (left: p >0.05, r =0.004, right: p>0.05,
r=0.29). (Fig. 3).

Restricting the analysis to patients with audiological
characterization (n=71), relative hypoperfusion was

Right Ear

10

20 -

40 -

50

60 |-

Hearing threshold [dB]

70

90

1 1 L 1

| . |
0.125 025 05 1 2 4 8
Frequency [kHz]

100

mean hearing loss across patients for each tested frequency

Fig. 1 Audiometric thresholds for air conduction in the pure tone audiometry for all the patients (n=71) and the two ears. Black lines indicate

Left Ear

0 T T T

10 -

20 -

30

50 -

60 -

Hearing threshold [dB]

70 -

\
|
\

90 { B

b

. . . . . . .

0.125 025 05 1 2 4 8
Frequency [kHz]




Manara et al. Orphanet J Rare Dis (2021) 16:349

Page 5 of 11

420

in the occipital cortex

Fig. 2 Left: T-maps of the statistical comparison between Healthy Controls and Thalassemic patients (TDT and NTDT) showed respectively on
inflated brain surfaces and on the single subject T1w anatomical image. Right: Bar plot (and standard deviation bars) of the mean perfusion values
across the three groups in the clusters of significant differences. Patients had significantly lower perfusion compared to Healthy Controls in both
left (L-AC) and right (R-AC) auditory cortex. By subgroup analysis, the difference persisted significant between healthy controls and TDT; perfusion
values did not differ between NTDT and TDT. rCBFv: relative cerebral blood flow values in the auditory cortex; rCBFOcc: relative cerebral blood flow

L-AC

rCBFv/rCBFOcc [a.u.]

HC  NTDT TOT
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confirmed compared to healthy controls (left cluster
size =722 voxels and right cluster size =264 voxels).

Among patients, after regression on age, there was no
significant difference in regional perfusion values among
patients with normal audition, fHL and HL (Additional
file 1: Fig. S1).

However, PTA of the two hearing loss groups (fHL
and HL), taken separately, correlated with rCBF val-
ues. At first, a linear regression was performed
accounting for the groups (using an analysis of covari-
ance model), that revealed a significant interaction
effect (HL-group x PTA) on the rCBF values. Observ-
ing the different behavior of the two groups the cor-
relation was further described with a second-order
polynomial fitting using the curve fitting toolbox of
MATLAB (Fig. 4).

In controls but not in beta-thalassemia patients, the
auditory/visual cortex perfusion ratio directly correlated
with the FSIQ score (right side p =0.01, left side p=10.02)
and with the cognitive domains primarily involved in
communication skills (Fig. 5). Correlations with all WAIS
domains are shown in Table 2 and the e-Table in Addi-
tional file 1.

No correlation was found in the patients’ group
between cognitive functioning scores and audiometric
profile (FSIQ p=0.46, VCI p=0.3).

Discussion

The present perfusion MRI study aimed at characterizing
brain perfusion changes of the auditory cortex on a large
sample of beta-thalassemia patients. According to our
findings, bilateral relative hypoperfusion of the auditory
cortex seems to represent an early hallmark of this hemo-
globinopathy, largely independent of the clinical pheno-
type and hypoacusis condition. However, some aspects
have to be considered to better understand the complex
metabolic and functional auditory cortex changes that
characterize both healthy and beta-thalassemia subjects.

Hearing loss in beta-thalassemia patients

Hearing loss is common in beta-thalassemia, especially
among patients treated with iron chelators [5], and it is
rather invalidating as not only it affects communicative
skills,, but it might also impact on cognitive functioning
[10]. In a recent meta-analysis, hearing deficit has been
found in more than 27% of pediatric beta-thalassemia
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Fig. 3 Relative left and right auditory cortex perfusion values according to age in healthy controls, Transfusion-Dependent Thalassemia (TDT) and

patients treated with deferoxamine. Surprisingly, senso-
rineural hearing loss (i.e. the form attributed to chelation
therapy) did not result as the sole or the main form of
hearing deficit. In fact, it was found in 10.6% of treated
patients, while 9.1% had conductive and 14.9% had
mixed hearing loss, thus challenging the pathogenic link
between hearing loss and chelation treatment, at least in
the pediatric age [4].

In our sample of adult beta-thalassemia patients, hear-
ing deficit was found in about half of cases and about
one third had PTA impairment consistent with mild-to-
moderate hypoacusia. Even though a precise characteri-
zation of hypoacusia in beta-thalassemia is beyond the
scope of this study, our findings underly that (1) most
likely hearing loss worsens and becomes more frequent
with aging, as hypocusic patients’ mean-age was 8 years
higher than what observed in normal hearing patients;
(2) differently from what has been reported for the pedi-
atric age, in adulthood most patients present with senso-
rineural hearing loss, and (3) even patients naive for iron
chelation therapy may present with sensorineural hearing
impairment.

Auditory cortex perfusion and beta-thalassemia
phenotype
The main novel result of the present study is the robust
evidence of decreased relative perfusion of auditory cor-
tex in beta-thalassemia. This finding takes into account
(and is therefore not affected by) the fact that the global
(whole brain) perfusion was expectedly increased in
beta-thalassemia as a (known) compensatory mechanism
to lower mean hemoglobin levels.

To overcome the confound of global hyperperfusion,
a ratio between the rCBF in each brain location and the
rCBF in the occipital cortex was first obtained, assum-
ing that the optic pathway and, more generally, the vis-
ual function are not affected in this condition (similar
findings were found also considering the global whole
brain perfusion as a reference, data not shown). Inter-
estingly, the relative hypoperfusion of the auditory cor-
tex was observed in both clinical phenotypes (TDT and
NTDT), thus highlighting that this phenomenon does
not depend on disease severity and affects all forms
of beta-thalassemia regardless of transfusion depend-
ency. In addition, the ratio between auditory and visual
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cortex perfusion values increases with age in healthy
controls in line with what observed by Hugenschmidt
et al. [20] In their study (so far, the sole investigating
age-related normal auditory cortex perfusion changes),
they showed in older people greater auditory activity
than in younger adults to background auditory stimuli
[20].

Accordingly, TDT patients showed a similar trend of
increasing relative auditory cortex perfusion, although
this trend remained at any age below what was observed
in healthy controls.

In contrast, NTDT patients showed perfusion values
close to healthy controls at a young age. However, rela-
tive perfusion values remain substantially constant with
increasing age, so that during adulthood (i.e. starting
at age 40) they become even lower than those of TDT
patients.

If confirmed on larger age-ranges samples, our find-
ings reveal a different time course of perfusion among
patients treated conservatively without blood transfu-
sions, that strikingly differs from what observed in nor-
mal controls.

In this case, the pathogenic link between age related
perfusion changes and NTDT related features (e.g.
chronically lower mean hemoglobin levels, increased
hypercoagulability state, higher percentage of patho-
logical red blood cells) would then need to be further
explored.

Auditory cortex perfusion and audiometric profile

in beta-thalassemia patients

Hypoperfusion in the auditory cortex did not correlate
with the audiological phenotype as patient subgroups
with normal hearing, fHL and HL did not differ signifi-
cantly in terms of mean relative perfusion values. How-
ever, auditory cortex perfusion values were intriguingly
linked with the hearing loss severity in the patient sub-
groups with auditory deficits.

These apparently contradictory findings (i.e. no perfu-
sion differences among beta-thalassemia hearing loss
subgroups together with a significant correlation between
perfusion and hearing loss severity) are partly explained
by the decreasing perfusion with increasing severity
in the fHL subgroup and the concomitant increasing
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Table 2 Correlation of MRI cerebral blood flow and cognitive scores.

PRI

WMI

PSI

VCI

Controls

Right rCBF

R=10.312; p=0.039

R=10.367; p=0.014

R=0.0853; p=n.s.

R =0.314; p=0.038

R=0.069; p=n.s.

R=02731;p=0.07

7

Left rCBF R=0.234;p=0.12 R=0.368; p=0.014

Patients

Right rCBF R=-0.123; p=ns. R=-0.183; p=ns.
. Y

Left rtCBF R=-0.039; p=ns. R=-0.131;p=ns.

R=-0.322; p=0.007

R=0.0737; p=n.s.

R=0.0789; p=n.s.
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Pearson’s correlations between cognitive scores derived by the WAIS and right and left auditory/visual cerebral area perfusion ratio in healthy controls and patients.
PRI Perceptual Reasoning Index, WMI Working Memory Index, PS/ Processing Speed Index, VCI Verbal Comprehension Index. legend: red cells with upwards

arrow = positive association with R> 0.2; pink cells with upwards arrow = trend of positive association with R > 0.2; blue cells with downwards arrow = negative

association with R< — 0.2; — no association (— 0.2 <R <0.2); significant p values are reported in bold
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perfusion with increasing severity in the HL subgroup.
Considering hearing deficit in beta-thalassemia patients
as a single phenomenon that worsens by involving both
more, and more severely, the tested frequencies, the cor-
relation between hearing deficit and perfusion is well
depicted by a curve that associates the lowest perfusion
levels to an intermediate hearing loss severity (i.e. a PTA
close to 25 dB). These findings seem to indicate that the
perfusion initially correlates with the hearing deficit, but
that other compensatory mechanisms likely act whenever
the deficit overcomes a PTA threshold of 25 dB. Interest-
ingly, a compensatory increase in perfusion occurs at this
threshold, at which individuals experience difficulty in
understanding everyday speech [21].

Our findings among normal hearing beta-thalassemia
patients prompt the counterintuitive hypothesis that
auditory cortex hypoperfusion could be not second-
ary to hearing loss, rather it might pre-date the onset
of clinically detectable hearing deficits. This hypothesis
could also explain the common detection of sensorineu-
ral hearing deficit among NTDT patients naive for iron
chelators.

Auditory cortex hypoperfusion and cognitive functioning
in beta-thalassemia

Normal hearing is crucial in cognitive functioning as it
allows effective responses to external stimuli, contrib-
uting to comprehension, vocabulary and memoryj; it is
therefore conceivable that the metabolic activity of the
auditory cortex in healthy subjects correlates linearly
with the cognitive scores such as the FSIQ. In contrast,
the relative auditory cortex perfusion was found in both
beta-thalassemia phenotypes persistently low, indepen-
dently of cognitive functioning. The lack of increasing
perfusion with increasing cognitive functioning in beta-
thalassemia made the difference in perfusion vs healthy
controls even larger among those with higher cognitive
performances, as if the auditory cortex metabolism were
not further recruitable in response to increased cogni-
tive functional needs. Actually, the inability to tune the
auditory cortex metabolic level to the cognitive func-
tioning could be a possible, so far unexplored, explana-
tion of the generally reduced cognitive performances
observed in the beta-thalassemia population, especially
in the TDT subgroup and regarding primarily the verbal-
comprehension tasks.[13]. Compared to the other cogni-
tive domains, the aberrant relationship observed between
Processing Speed Index (PSI) scores and auditory cortex
metabolism could be explained by the strong dependence
of this domain from the visual performances, as the rela-
tive perfusion values were driven by the ratio between
auditory and visual cortex perfusion. This could result
in no correlation in healthy controls due to concurrent
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perfusion changes in both cortices, and in a negative cor-
relation in patients due to the increase in the visual cortex
not compensated by a congruous increase in the auditory
cortex perfusion. In addition, in our beta-thalassemia
population the PSI scores among the WAIS domains
were the least affected compared to controls [13].

Two other points deserve to be further addressed. The
fact that, notwithstanding the above mentioned meta-
bolic impairment, some beta-thalassemia patients reach
high level cognitive performances might suggest the
existence and recruitment of alternative neural networks
for compensating the low response of the auditory cor-
tex. Indeed, the lack of correlation between hearing loss
severity and cognitive functioning among beta-thalas-
semia patients supports the hypothesis of alternative
recruitments of less efficient extra-auditory neural net-
works. Secondly, the more severe metabolic involvement
of the left auditory cortex (the cluster size of decreased
relative perfusion is nearly three times larger than the
contralateral one) seems to further underline the link
between the observed metabolic derangement and the
cognitive language-related scores, as the left is known to
be the dominant hemisphere for most language tasks.

Notably, auditory cortex hypoperfusion has been
recently shown to distinguish patients with age-related
hearing loss due to hair cell loss, that typically involves
the high frequencies with a pure tone audiogram rather
similar to what observed in beta-thalassemia patients [9].
However, in spite of audiogram similarities, these two
conditions present basic though intriguing metabolic dif-
ferences. In beta-thalassemia the hypoperfusion is more
evident on the left auditory cortex while in age-related
hypoacusia the hypoperfusion prevails on the right side
[9]. Being the right hemisphere more involved in fre-
quency discrimination, this finding seems to suggest that
in beta-thalassemia the role of frequency perception is
less determinant than the involvement of the semantic
processes of language in real-world auditory scenarios
[22].

Auditory cortex hypoperfusion in beta-thalassemia
patients: hypothesis

The phenomenon of auditory cortex hypoperfusion
independent from hearing deficits is rather difficult to
explain, even considering differential development paths
of the regional brain cortex or regional differences in
brain vasculature. It is well known, for example, that the
auditory cortex is one of the few regions that maturate
early during the fetal life. A regionally different timing of
brain cortex maturation could result in a selective vulner-
ability of the early developing cortices to early ischemic
and metabolic events. However, an effect of thalassemia
on the auditory cortex appears unlikely during gestation
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or early postnatal months as fetal hemoglobin production
is preserved. In addition, the visual cortex, that shares a
similar maturation course during fetal brain develop-
ment, does not seem to be concomitantly affected.

Analogously, the anatomic features of the intracranial
vascular system do not seem to expose the auditory cor-
tex to specific perfusion injuries. The auditory cortex
does not belong to watershed territories; on the contrary,
this region is well supplied by branches of the middle cer-
ebral artery, the main cerebral artery of the developing
and mature brain.

Therefore, the hypothesis of a disease-related selec-
tive regional vulnerability is intriguing but not likely. To
make this issue even more puzzling, data on the pediat-
ric brain perfusion are still lacking in beta-thalassemia
and it is unknown whether the perfusion deficit of the
auditory cortex appears at birth or even earlier. The pre-
sent study focused on adults because of reasonable ethi-
cal concerns in investigating small children requiring
sedation and because normative perfusion MRI data on
the developing brain are still lacking and difficult to be
achieved. Auditory cortex hypoperfusion predisposing to
subsequent hearing loss is a hypothesis that could partly
explain the high rate of hearing deficit in beta-thalas-
semia. So far, hearing loss in beta-thalassemia has been
considered a peripheral sensorineural high-frequency
auditory problem mostly due to chelation treatment.
However, data on the link between chelation therapy at
current dosages and hearing deficits are rather conflict-
ing [2, 8, 23]. Even the analysis of the hearing deficits in
our sample shows that the scenario is much more intri-
cate: 15% of NTDT patients presented with sensorineural
hearing loss in spite of no history of chelation therapy or
any other known cause of hearing impairment. The fact
that auditory cortex hypoperfusion is not limited within
specific clinical phenotypes and is not associated with
any chelation treatment, could suggest its possible role in
increasing the vulnerability of hearing to treatments and
comorbidities such as otitis media episodes, high serum
iron levels, decreased hemoglobin levels, that partly
occurs independently from chelation therapy.

Limits

Even though this is the first study that provides a
detailed picture of the metabolic status of the auditory
cortex in beta-thalassemia in relation to the audio-
gram profile and the cognitive scores, there are limits
that should be highlighted to define the possible future
development in this field of research. First of all, we
used a non-invasive ALS-MRI technique that does
not provide absolute perfusion values. For this reason,
we considered a ratio with a likely not involved brain
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cortex (namely the visual region) introducing possible
confounders. Secondly, the present study included only
a couple of dozens of NTDT patients; as they likely rep-
resent a distinct beta-thalassemia patient population
(lower mean hemoglobin levels, lower mean hospitali-
zation days, etc.) studies focusing on a larger sample
of NTDT are advisable. We used the WAIS assessment
for cognitive functions, that is preferred in the clini-
cal practice, though other cognitive tests used in the
research context could be more appropriate in char-
acterizing the cognitive profile of patients. Finally,
our study did not include pediatric patients leaving
unsolved the timing regarding the development of the
observed perfusion change in beta-thalassemia. This
knowledge will help us to better define, if present, pos-
sible actions to prevent brain perfusion changes in this
complex hereditary hemoglobinopathy.

Conclusions

Bilateral auditory cortex hypometabolism seems to rep-
resent an early hallmark of beta-thalassemia regardless of
the clinical phenotype and the presence of hearing loss.
The complex cognitive, audiological and metabolic sce-
nario resulting from our study appears novel, extremely
intriguing and needing to be further investigated with
longitudinal studies. The latters will help to disentan-
gle the pathogenic link between auditory cortex per-
fusion and cognitive and audiological impairment
that characterize brain metabolism and function in
beta-thalassemia.
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