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Abstract

Immune-mediated thrombotic thrombocytopenic purpura (iTTP) is a rare and life-
threatening thrombotic microangiopathy. More and more studies clearly show a
high prevalence of several adverse long-term health issues following recovery in these
patients. Therefore, nowadays, the paradigm of iTTP as an acute episodical disease is
quickly changing and should be considered a chronic disorder. The present review
focuses on the 2 main long-term complications occurring during clinical remission in
these patients (ie, cardiovascular and neurological complications). Our goal is to
provide an updated overview of this topic, explaining the main related pathogenic
mechanisms and highlighting how iTTP is emerging as a model not only of acute
systemic microvascular dysfunction but also of chronic systemic microvascular
dysfunction. The most accredited hypothesis supporting the chronicity of the disease
is that, after recovery from an acute iTTP episode, a state of cumulative microvascular
damage could persist and progress over time. However, the trajectory remains rather
unpredictable, and there is still poor evidence on preclinical biomarkers able to
identify those patients at higher risk of long-term cardiovascular and neurological
complications, as well as drugs able to prevent chronic cardiac or brain organ damage.
To date, there are no clear guidelines in this field, and clinical practice is quite het-
erogeneous across reference centers. A task force within the scientific community
would be important for standardizing the most appropriate monitoring tools and

preventive approaches to long-term complications in iTTP patients.
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AGOSTI ET AL

1 | INTRODUCTION

1.1 | Thrombotic thrombocytopenic purpura as a
model of microcirculation dysfunction

The term “microcirculation” refers to the “terminal end” of the sys-
temic circulation, including the smallest blood vessels (diameters <
20 pm), such as arterioles, capillaries, and venules, where the ex-
change of nutrients, gases, and waste products between blood and
tissues occurs [1].

In the presence of microcirculatory dysfunction (MCD), tissue
perfusion becomes inadequate, contributing to tissue damage and
affecting vascular tone regulation and the coagulation state [2].

MCD plays a key role in many disorders, such as hypertension,
type 2 diabetes, atherosclerotic cardiovascular disease, and neuro-
degenerative diseases [3-7]. Moreover, growing evidence supports
the concept that MCD is a systemic, multiorgan pathologic process
characterized by shared pathways that affect organs, such as he-
mostasis, inflammation, and the immune and complement systems,
through complex crosstalk among the heart, brain, and kidneys
[8-11].

Thrombotic thrombocytopenic purpura (TTP) is a rare, life-
threatening thrombotic microangiopathy, with a reported annual
incidence of 2 to 6 cases per million people, and a mortality rate <5%
if adequately treated [12-14]. TTP may serve as a paradigmatic
model of MCD. Indeed, the underlying pathogenic mechanism of the
disease is a severe deficiency of the von Willebrand factor (VWF)
cleaving protease, a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13 (ADAMTS13). ADAMTS13
deficiency leads to the accumulation of ultralarge VWF multimers
that, under shear stress, bind to platelets, resulting in microvascular
occlusion by platelet-rich thrombi and, ultimately, microangiopathic
hemolytic anemia, consumptive thrombocytopenia, and multiorgan
ischemia [12,15]. The disease is characterized by an episodic course,
with a wide spectrum of clinical manifestations and various degrees
of organ damage during the acute phase, secondary to the involve-
ment of microvessels, primarily in the brain, kidneys, and heart
[12,15-17]. In >95% of cases, a severe deficiency of ADAMTS13
activity results from the development of autoantibodies inhibiting
the proteolytic activity of ADAMTS13 and/or accelerating its clear-
ance (immune-mediated TTP [iTTP]) [15,18]. This form is more
common in adult women (female-to-male ratio 3:1) aged 30 to 40
years. In about 5% of cases, severe ADAMTS13 deficiency results
from genetic alterations in the ADAMTS13 gene (hereditary or
congenital TTP [cTTP]) [12,15]. Interestingly, recent large-scale ana-
lyses of large genome and exome sequencing data from apparently
healthy individuals have revealed a higher-than-expected number of
carriers of ADAMTS13 pathogenic variants, leading to an estimated
global cTTP prevalence of approximately 20 cases per million, 10
times higher than previously assumed [19]. These findings suggest
that cTTP may be substantially underdiagnosed, although diagnosis is

made in the context of a thrombotic microangiopathy presentation

with evidence of persistent severe ADAMTS13 deficiency (<10% of
normal) and absence of anti-ADAMTS13 antibodies. Furthermore,
these findings raise the possibility that genetic variation in
ADAMTS13 could influence enzyme activity more broadly, potentially
modulating disease susceptibility and phenotype not only in heredi-
tary TTP but also in acquired forms of TTP.

2 | NEW PARADIGM ABOUT iTTP: FROM
AN ACUTE TO A CHRONIC DISEASE

Traditionally, iTTP was considered an acute condition, and survivors
were expected to return to their previous condition after recovery
from an acute episode. The risk of disease relapse was considered the
only complication during clinical remission. However, more and more
studies clearly show a high prevalence of several adverse long-term
health issues following recovery in these patients [20-24]. Data
stemming from the Oklahoma TTP registry showed a significantly
higher mortality rate (19%) compared with an age- and sex-matched
United States or Oklahoma reference population, with cardiovascular
disease as the leading cause of death [25]. Male sex, advanced age,
and the number of iTTP episodes have been associated with
increased mortality. Moreover, specific comorbidities (obesity, hy-
pertension, major depression, and systemic lupus erythematosus)
have been found to be more prevalent in these patients than ex-
pected and may contribute to reducing survival rate [23,25].

Interestingly, as suggested by Upreti et al. [26], after recovery
from an acute episode of iTTP, a state of subclinical vasculopathy
may lead to a state of cumulative vascular injury resulting from the
complex interplay among large VWF multimers, inflammation,
platelets, complement, and endothelial activation. This cumulative
vascular injury may play a relevant role in increasing the risk of major
adverse cardiovascular events (MACEs; ischemic stroke and acute
coronary syndrome) and neurocognitive deficits, which are among
the main long-term complications observed in these patients during
remission.

Moreover, elevated VWF levels due to persistently low
ADAMTS13 activity during clinical remission, together with ischemic
injury from systemic microvascular thromboses during acute TTP
episodes, may play a key role in causing persistent organ damage.

Therefore, nowadays, the traditional paradigm of iTTP as an
acute or episodic disease is quickly changing. As explained above,
iTTP may be considered a chronic disorder, and recovery from an
acute episode may not represent the end of care but rather the
beginning of long-term clinical management [22,27].

The main goal of the present review is to provide an updated
overview of the 2 main long-term complications occurring during
clinical remission in iTTP patients, cardiovascular and neurological
complications, explaining the main pathogenic mechanisms and
highlighting how iTTP is emerging as a model not only of acute sys-
temic microvascular dysfunction but also of chronic systemic micro-

vascular dysfunction.
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TABLE 1 Long-term cardiovascular complications in immune-mediated thrombotic thrombocytopenic purpura patients during clinical
remission.
Sample
Author (y) Study design size (n) Research question Main findings Limitations
Deford Cohort study 57 Mortality rate during long-term  TTP survivors have a greater risk of - Small sample size
et al. (Oklahoma TTP- follow-up; prevalence of main poor health and premature death - The cross-sectional
[23] HUS Registry) comorbidities. analysis design did not
(2013) identify occurrences
over a longer period of
time
Upreti et al. Cohort study 137 Incidence of stroke; predicting the A higher risk of ischemic stroke during - Small sample size
[26] value of remission ADAMTS13 remission than in controls. - Limited follow-up
(2019) levels. ADAMTS13 activity levels <70% are - |ncluded only strokes
associated with an increased risk of for which patients
ischemic stroke. were hospitalized at
JHH
- No ADAMT-13 levels
at the time of stroke
- Heterogeneous fre-
quency of ADAMTS13
measurements
Brodsky Multicenter cohort 181 Incidence of MACE; risk factors of A higher incidence of MACEs during - Small sample size
et al. study (Johns MACE. remission; earlier onset of MACEs - [imited follow-up
[28] Hopkins than expected; ADAMTS13 is not - Retrospective data
(2021) University and associated. collection
Ohio State - Missed MACE
University) managed in other
centers
Sukumar Cohort study 222 Main cause of mortality in iTTP  Cardiovascular disease is the leading - Small sample size
et al. patients. cause of death in iTTP survivors, - Limited number of
[25] who have a 2-fold higher mortality deaths (29)
(2022) rate than the reference population.
Chaturvedi Cohort study 42 To determine the prevalence of ~ MRI evidence of brain infarction is - Selection bias (single-
et al. SCI during TTP remission. common in iTTP survivors. center study)
[29] To investigate the association SCI was associated with cognitive - Limiting
(2023) between SCI and cognitive impairment. generalizability
impairment. - Small sample size
- Missing data on
ADAMTS13
- The study started in
the precaplacizumab
era
Yu et al. Cohort study 42 To evaluate the natural history of SCI was progressive during clinical - Small sample size
[30] SCI during clinical remission remission and correlated with a - Single-year MRI follow-
(2025) and its association with the higher risk of stroke and cognitive up

risk of stroke and cognitive
decline.

impairment.

Limited generalizability
to other cohorts
Treatment
heterogeneity

The table summarizes the main studies reporting data on long-term cardiovascular complications in iTTP patients during clinical remission.

ADAMTS13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; HUS, hemolytic-uremic syndrome; iTTP, immune-
mediated thrombotic thrombocytopenic purpura; JHH, Johns Hopkins Hospital; MACE, major adverse cardiovascular event; MRI, magnetic resonance

imaging; SCI, silent cerebral infarction; TTP, thrombotic thrombocytopenic purpura.
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3 | SEARCH STRATEGY AND SELECTION
CRITERIA

We conducted a comprehensive search of Medline (PubMed) for full-
text articles published in the English language from January 1, 2000,
to August 31, 2025, using the following free-text terms in titles/ab-
stracts: “thrombotic thrombocytopenic purpura” matched with

» o«

“neurocognitive complication,*” “depression,” “cognitive impairment,”

» o«

“cognitive decline,” “major adverse cardiovascular event,*” “cardio-

vascular complication,*” “ischemic stroke,” or “acute coronary syn-
drome.” Preclinical studies, as well as case reports and case series,
were excluded. Human articles resulting from this search (original
articles and reviews) and relevant references cited in those articles
were reviewed by 2 independent clinicians. The final reference list of
original articles was selected based on the relevance of the topic
covered in this narrative review. Therefore, only original articles
exploring the cardiovascular and neurocognitive complications
occurring during clinical remission in iTTP patients were selected and
included in Tables 1 [23,25,26,28-30] and 2 [23,29,30-47].

4 | LONG-TERM CARDIOVASCULAR
COMPLICATIONS: EVIDENCE FROM
OBSERVATIONAL DATA

In a study by Deford et al. [23], the prevalence of hypertension (19%)
and diabetes (9%) at the time of iTTP diagnosis was comparable with
the general population. After a median follow-up of 7 years, it was
found that iTTP survivors showed a higher prevalence of obesity,
particularly morbid obesity (body mass index >40), as well as hy-
pertension, compared with the US reference population [23]. In
another study, patients in remission also exhibited significantly
increased urinary albumin excretion, a known marker of increased
cardiovascular risk [48].

Consistent with the observed increased prevalence of cardio-
vascular morbidities and risk factors, iTTP survivors show a signifi-
cantly higher risk of ischemic stroke than expected during clinical
remission. This has been clearly shown in a study enrolling 137
consecutive iTTP patients at the Johns Hopkins Hospital, of whom 18
(13.1%) experienced a stroke during remission over a median
observation period of 3.08 years. This was 5-fold higher than the
expected prevalence of an age- and sex-matched reference popula-
tion (2.6%). Interestingly, among the 52 patients for whom
ADAMTS13 activity was measured during remission, an ADAMTS13
activity level <70% was associated with an increased risk of ischemic
stroke [26].

Two years later, in another study, the prevalence of MACEs
during clinical remission (a composite of myocardial infarction,
stroke, and cardiac revascularization) and the related risk factors
were estimated in 2 large iTTP cohorts (Johns Hopkins University
and Ohio State University). Of 181 patients followed for at least 3

months after recovery from an acute episode, 28.6% experienced a

MACE over a median follow-up of 7.6 years. Stroke was the most
common type of MACE (18.2%). Compared with the general US
population, iTTP survivors experienced their first stroke at a younger
age during remission. Age, ethnicity, and diabetes mellitus were
associated with MACEs, whereas ADAMTS13 activity during remis-
sion was not significantly associated [28].

Emerging evidence also highlights the relevance of silent cere-
bral infarctions (SCls) in iTTP patients during remission [29,30].
Among iTTP survivors, magnetic resonance imaging (MRI) evidence
of SCls is common. In a study enrolling 36 iTTP patients during
clinical remission, SCls were present in half of the patients (n = 18),
and >40% of patients with a SCI (n = 8) had a history of stroke [29].

Interestingly, SCI may progress over time, even in the absence of
acute episodes or ADAMTS13 relapse, as clearly shown in a study
evaluating the natural history of SCI in 42 iTTP patients during
clinical remission [30]. New or progressive SCls were observed in
28.6%. Interestingly, a higher baseline SCI burden, assessed by the
modified Age-Related White Matter Changes score, correlated with
SCI progression, whereas age, hypertension, diabetes, or average
remission ADAMTS13 activity did not. Over a median follow-up of 32
months, the authors reported a 14.3% stroke rate, with a significantly
higher risk of stroke in those patients with a higher baseline Age-
Related White Matter Changes score. These findings underscore
the importance of early detection of baseline SCI burden and close
monitoring of its progression.

The main studies reporting data on long-term cardiovascular
complications in iTTP patients during remission are summarized in
Table 1.

5 | LONG-TERM NEUROLOGICAL
COMPLICATIONS: EVIDENCE FROM
OBSERVATIONAL DATA

A wide heterogeneity of chronic neurological symptoms and com-
plications has been reported in iTTP patients after recovery, ranging
from posttraumatic stress disorder (PTSD), depression, impaired
quality of life, loss of memory, and cognitive impairment [31-47,49].

Anxiety and depression are among the most frequently reported
issues during remission. This is not unexpected, as survival from any
critical illness is known to increase the risk of depression (eg, as
observed in survivors after acute stroke). In addition to the severity of
an acute iTTP episode, autoimmunity (eg, systemic lupus erythema-
tosus) and obesity are recognized risk factors for major depression in
TTP patients as well as in the general population. In a study enrolling
103 patients with thrombotic microangiopathy (52 with iTTP), the
authors assessed the prevalence of anxiety symptoms, PTSD, and
depression at a median of 72 months after hospital discharge by
telephone interviews and using the 36-item Short Form questionnaire.
Half of patients suffered from anxiety symptoms, 27% showed PTSD,
and 14% depression [44].

Regarding neurocognitive deficits, a study of 24 iTTP patients in

remission found significantly poorer performance than expected in 4
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TABLE 2 Long-term neurological complications in immune-mediated thrombotic thrombocytopenic purpura patients during clinical
remission.

Sample size

Author (y) Study design (n) Research question Main findings Limitations

Kennedy Cohort study 24 To evaluate cognitive function in  iTTP patients showed significantly - small sample size
et al. iTTP. lower performance on 4 of the - Baseline cognitive func-
[31] 11 cognitive domains. tion not available
(2009)

Lewis et al. Cohort study 128 Long-term mental issues after Persistent cognitive impairment - Unknown basal HRQoL
[32] acute TTP recovery. after TTP recovery is before TTP episode
(2009) independent of ADAMTS13 - Interviewer bias, patient

levels. recall bias, and survey
nonresponse bias

Cataland Cohort study 27 To investigate the risk of High rate of cognitive impairment Small sample size
et al. developing persistent and MRI abnormalities.

[33] neurological injury after
(2011) recovery from an acute TTP
episode.

Deford Cross-sectional 57 To compare the prevalence of Higher prevalence of - Small sample size
et al. study specific clinical conditions hypertension and major - Cross-sectional design
[23] with the expected (US depression than expected.

(2013) reference population). Higher mortality than
expected.

Hanetal.  Cohort study 61 To describe the frequency, High rate of severe depression; - small sample size
[34] severity, and clinical course of depression and cognitive - Low compliance with
(2015) depression and cognitive impairment were not evaluations

impairment during remission associated with relapses or
of iTTP patients. ADAMTS13 activity < 10%
during remission.

Falter et al. Cohort study 104 To investigate the prevalence of  Significantly higher rates of - Self-reported measures of
[35] depression and cognitive depression and cognitive cognitive status
(2017) deficits during remission of impairment in TTP survivors. - No sex-matched controls

iTTP patients.

Chaturvedi Cross-sectional 236 To estimate the prevalence of High prevalence of PTSD and - Referral/selection bias
et al. study PTSD and depression depression in TTP survivors. self-reported diagnoses of
[36] symptoms in survivors of TTP. TTP
(2017) - No information on neuro-

cognitive deficits

- No information on other
comorbidities and expo-
sure to military, sexual, or
other trauma

- No information regarding
the stability or trajectory
of symptoms

Terrell Cohort 16 To identify TTP patients’ attitudes Patients believed TTP was life- - Selection bias
et al. qualitative toward pharmacotherapy and altering and traumatic and - Not generalizable
[37] study counseling. that counseling improved - Social desirability bias/
(2019) depressive symptoms. Some stigma

patients were not sure - Heterogeneous
pharmacotherapy was experiences

effective and expressed fears - Not complete information
related to potential addiction on management history
and side effects.

Riva et al.  Cross-sectional 35 To assess neuropsychological Compromised memory and - Small sample size
[38] study sequelae, emotional well- attention functions, persisting - Absence of a control group
(2020) being, and quality of life in anxiety/depression symptoms, . Cross-sectional design

(Continues)
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TABLE 2 (Continued)

Author (y) Study design

Alwan et al. Cohort study

[39]
(2020)

Holmes Cross-sectional
et al. (online
[40] survey)
(2021)

Falter et al. Cross-sectional
[41]
(2021)

Graciaa
et al.
(2022)
[42]

Cohort study

Kelley et al. Cohort

(2023) qualitative
[43] study

Azoulay Cross-sectional
et al. (phone
(2023) interviews)
[44]

Sample size

(n)

131

50

104

18

44

Research question

iTTP patients in remission.

To evaluate the usefulness of

cerebral MRI in predicting
cognitive impairment in TTP
survivors.

To describe HRQoL, cognitive

functioning, and work
productivity of survivors
following acute episodes of
iTTP in the United Kingdom.

To determine whether life

circumstances and personality
have an influence on the
development and severity of
depression and anxiety in
iTTP patients, and how they
impact quality of life.

To evaluate clinical features,

comorbidities, treatment
response, and long-term
outcomes in pediatric patients
with iTTP.

To understand subjective

recovery from the patients’
perspective.

103 (52 iTTP, To investigate the prevalence of

51 aHUS)

mental issues during
remission of iTTP patients.

Main findings

and a reduced quality of life in
patients recovering from
acute iTTP.

The primary MRI finding in these

patients was hyperintense
white matter lesions.

An abnormal MRI was associated

with lower cognitive
performance.

Significant impairments in all

domains.

High prevalence of depression

and anxiety in iTTP patients
with a more negative attitude
to life, low resilience, reduced
quality of life, and cognitive
performance.

The number of comorbidities had

an influence on depression.

73% of patients had long-term

cognitive delay, learning
difficulties, and severe
depression.

Anxiety, depression, fatigue, and

cognitive issues affected
patients’ relationships and
work productivity, and
reduced the possibility of
returning to their previous
level of functioning.

Higher rate than expected of

PTSD and depression; factors
independently associated with
PTSD symptoms were male
sex, lower platelet count at

Limitations

- The neurocognitive and
emotional status and
quality of life before the
first episode of TTP were
not assessed

- Small sample size

- No cerebral MRI for pa-
tients without neurological
symptoms

- Neuropsychology assess-
ment was limited to pa-
tients who reported
symptoms

- Limited generalizability
- Selection bias

- Self-reported question-
naires, no examination by
a clinician

- Low response rate

- Selection bias

Missing clinical data

- No data on mental illness
or resilience before the
iTTP diagnosis

- Small sample size

Retrospective nature of

data collection

Short follow-up

- A small proportion had
formalized neuropsycho-
logical assessments

- Selection bias (enrollment
from 2 sites that focused
on researching long-term
outcomes and low educa-
tional level)

- Self-reported data

collection

No data collection on

neurological manifesta-

tions of previous episodes

No data on drug and

alcohol abuse

No association of symp-

toms with demographic

characteristics

- Limited response rate

- Cross-sectional design

- No data on cognition or
neurological function

(Continues)
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TABLE 2 (Continued)

Sample size
Author (y) Study design (n) Research question Main findings Limitations
onset, and current treatment. - Exclusion of caplacizumab-

treated patients

- 10-y recruitment period
(time bias)

- Use of instruments for
screening (not diagnosis)

Chaturvedi Cohort study 42 To determine the prevalence of ~ MRI evidence of brain infarction . Selection bias (single-cen-
et al. SCI during TTP remission; to is common in iTTP survivors. ter study), limiting
[29] investigate the association SCl was associated with cognitive  generalizability
(2023) between SCI and cognitive impairment. - Small sample size

impairment. - Missing data on
ADAMTS13
- The study started in the
precaplacizumab era

Hannan Cross-sectional 20 To investigate brain changes The frontal lobe and cingulate - Small sample size for the

et al. (white matter) in iTTP cortex are the main affected control group (n = 5)
[45] patients during remission regions. - Selection bias (age range
(2024) using advanced MRI and MRI alterations in these areas of participants)
correlate these changes with correlated with reduced - No standardized scale to
mood and neurocognitive scores in concentration, short-  ¢|assify white matter
tests. term memory, and verbal changes
memory. - No data on the MRI at the
time of previous TTP
episodes

Mulas et al. Cohort study 39 To investigate long-term The majority of patients reported - Small sample size
[46] consequences (reduced anxiety (72%) or depression - Different stages of the
(2024) quality of life, cognitive (82%). disease (bias)

impairment, anxiety, and No differences between patients
depression) in iTTP patients, treated with or without
and the role of caplacizumab caplacizumab in the physical
and rituximab. or mental domains.
Patients receiving rituximab had
lower scores in mental health.

Boothby Cohort study 38 To assess the feasibility of a At 2-y follow-up, the authors did - |ntersite heterogeneity in
et al. prospective study aimed at not observe a significant treatment modalities and
[47] evaluating neuropsychological change in neurocognition. No laboratory testing
(2025) and cognitive function in iTTP association between cognitive . | ack of access to imaging

patients in remission, and to function and ADAMTS13 data
evaluate novel biomarkers. activity was found. - More severely affected
Cognitive impairment correlated patients may have been
with soluble thrombomodulin less likely to complete the
levels. study (selection bias for
the COVID-19 pandemic)

Yu et al. Cohort study 42 To evaluate the natural history of SCI was progressive during - Small sample size
[30] SCI during clinical remission clinical remission and - Single-year MRI follow-up
(2025) and its association with the correlated with a higher risk - | imited generalizability to

risk of stroke and cognitive of stroke and cognitive other cohorts
decline. impairment. - Treatment heterogeneity

The table summarizes the main studies reporting data on long-term neurological complications in iTTP patients during clinical remission.
ADAMTS13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; aHUS, atypical hemolytic-uremic syndrome; HRQoL,
health-related quality of life; iTTP, immune-mediated thrombotic thrombocytopenic purpura; MACE, major adverse cardiovascular event; MRI, magnetic
resonance imaging; PTSD, posttraumatic stress disorder; SCI, silent cerebral infarction; TTP, thrombotic thrombocytopenic purpura.
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of 11 cognitive domains after adjusting for age, sex, and education
level. The affected domains included complex attention and con-
centration, data processing speed, verbal fluency, and rote memori-
zation [31]. In another study of 27 patients, 63% presented with
neurocognitive impairment, affecting particularly visual learning and
memory domains [33]. Interestingly, increasing evidence supports a
higher risk of neurocognitive impairment in the presence of neuro-
imaging abnormalities.

In particular, in a study investigating brain white matter changes in
20 iTTP patients in remission compared with 6 healthy controls, the
main affected regions in iTTP were the frontal lobe and cingulate cortex.
Interestingly, MRI-identified pathological changes in these areas
correlated with a reduction in concentration, short-term memory, and
verbal memory scores [45]. In addition to hyperintense white matter
lesions, evidence of SCI has been associated with an increased risk of
cognitive impairment in these patients during clinical remission [29].

Whether cognitive impairment progresses beyond 1 year after the
acute iTTP episode remains a matter of debate. In this regard, in a
study of 42 iTTP survivors, although cognitive function improved in
those without SCI progression, SCI progression increased the risk of
persistent cognitive decline [30]. In order to provide an answer to this
important question, a prospective, multicenter pilot study enrolling 38
iTTP patients during remission was designed [47]. The authors did not
see any significant change in neurocognitive findings, such as immedi-
ate memory and visuospatial abilities, over a 2-year follow-up. Based on
these findings, they suggested that a longer period of at least 5 to 10
years should be necessary to detect any trends in neurocognitive
function in this population. Interestingly, they also found a correlation
between soluble thrombomodulin levels and cognitive impairment,
suggesting this as a novel preclinical biomarker able to predict cogni-
tive impairment. The ADAMTS13 activity did not correlate [47]. The
main studies reporting data on long-term neurological complications in
iTTP patients during remission are summarized in Table 2.

6 | LIMITATIONS OF THE INCLUDED
STUDIES

No interventional studies were included in the present review. More-
over, as reported in Tables 1 and 2, most studies have several limita-
tions. The most common limitations were the limited sample size, the
study design (retrospective or cross-sectional in most cases), the het-
erogeneity of the study sample, the selected endpoint measures, and
selection bias, which limited the generalizability of the main findings.

7 | THE PATHOBIOLOGICAL MECHANISMS
BEHIND LONG-TERM COMPLICATIONS AND
POTENTIAL PREVENTIVE THERAPEUTIC
APPROACHES

A persistent imbalance between elevated levels of large multimeric

VWEF and low ADAMTS13 activity during remission may induce a

prothrombotic state, which could play a key role in developing long-
term cardiovascular and neurological complications in iTTP survivors.
Indeed, the accumulation of larger procoagulant VWF multimers in-
creases platelet activation and aggregation, as well as endothelial and
complement activation. Consistent with this hypothesis, data from
large population-based cohort studies reported an increased risk of
coronary artery disease and cerebrovascular disease in individuals
with lower ADAMTS13 activity and/or higher VWF levels, indepen-
dent of traditional atherogenic cardiovascular risk factors [50-55].
Notably, experimental murine models have demonstrated a direct
role of ADAMTS13 in the progression of atherosclerosis and the
development of ischemic stroke [56-62]. However, in iTTP patients,
the role of ADAMT-S13 activity during remission as an independent
predictor of MACEs remains controversial. Upreti et al. [26] and
Brodsky et al. [28] suggested that ADAMTS13 could be a more sig-
nificant risk factor for cerebral thrombosis than coronary thrombosis,
because of the differences in the features of brain endothelial cells
compared with coronary endothelial cells. The more accepted hy-
pothesis is that ADAMTS13 and traditional cardiovascular risk fac-
tors are not mutually exclusive and may act additively to increase the
risk of ischemic events.

The aforementioned prothrombotic mechanisms may also
contribute to the increased risk of neurocognitive deficits. Indeed,
the role of microcirculation dysfunction in cerebral small vessel dis-
ease and the related cognitive impairment is well known. Moreover,
more and more studies suggest a potential pathogenic role for the
imbalance between high VWF levels and low ADAMTS13 activity, as
well as for the VWF-glycoprotein Ib axis, in dementia (including
Alzheimer’s type) in the general population [63-65]. The persistence
of subcortical microvascular lesions after recovery from an acute
iTTP episode may result in chronic subclinical neurological injury with
similar mechanisms already reported in hypertension, sickle cell
disease, and other microvascular disorders. Moreover, the severity of
ischemic brain cell injury occurred during an acute episode, leading to
a high white matter lesion burden, could influence the risk of
neurologic sequelae. Consistent with this hypothesis, the brain MRI
findings of a cohort of 42 iTTP survivors showed a significant cor-
relation between baseline SCI burden and SCI progression, the latter
associated with a higher risk of stroke and cognitive impairment [30].
Other proposed mechanisms contributing to neurocognitive deficits
in these patients include alterations in specific neurotransmitters
(increased dopamine and noradrenaline and reduced serotonin and
gamma-aminobutyric acid, GABA levels) and neuroinflammation
[31-34,44].

Based on the aforementioned main pathogenic mechanisms,
several preventive therapeutic strategies for these long-term compli-
cations have been proposed and are currently under investigation. The
rationale for antiplatelet agents (eg, aspirin) during clinical remission in
iTTP patients for primary cardiovascular prevention (with no history of
MACESs) remains controversial. Some authors suggest that aspirin
prophylaxis during disease remission may be beneficial only in selected
patients (eg, at high cardiovascular risk) [66,67]. Another proposed

drug in this field is rituximab, currently used in clinical practice during



AGOSTI T AL

remission to prevent relapse in patients with ADAMTS13 activity
<20% [68,69]. However, to date, there is insufficient evidence to
confirm a preventive effect of this drug on long-term cardiovascular
complications. Further studies are needed to demonstrate the asso-
ciation between ADAMTS13 activity levels during remission and
MACE rates and to identify the optimal ADAMTS13 target level to
prevent ischemic stroke and/or any MACE.

The preventive role of rituximab and caplacizumab on long-term
neurocognitive complications and depression requires further inves-
tigation. Indeed, in a study of 39 iTTP survivors [46], no difference
was observed between patients treated with or without caplacizumab
in physical or mental domains. Moreover, patients treated with rit-
uximab reported lower scores in mental health, likely because these
patients had a more severe presentation or recurrent phenotype.

More studies are needed to objectively assess acute brain ischemic
damage and its progression during clinical remission, as well as to un-
derstand the potential correlation between acute brain damage and the
risk of long-term neurocognitive impairment. In this field, the potential
role of acute brain ischemic damage and, consequently, the potential
beneficial preventive effect of caplacizumab, remains unknown. By
reducing microvascular-related ischemic brain damage during an acute
TTP episode, it is possible that caplacizumab could be useful to reduce
the risk of SCI at baseline and its progression, preventing long-term
depression and cognitive impairment. However, this hypothesis needs
to be confirmed. In this context, the growing evidence stemming from
neuroimaging studies should provide with very useful information.
Otherwise, imaging-proven evidence regarding microvascular-related
ischemic cardiac damage in acute phase and its progression during

clinical remission remains unclear.

8 | IMPLICATIONS IN CURRENT CLINICAL
PRACTICE

To date, there is not enough evidence stemming from observational
cohort studies on the potential predictive value of biomarkers or trials
proving the efficacy of preventive treatments. Moreover, there is no
consensus within the scientific community, and there are no clinical
practice guidelines regarding the most appropriate approach for iTTP
survivors needed to prevent long-term cardiovascular and neurolog-
ical complications. However, based on growing evidence from obser-
vational cohort studies and clinical experience, the following
recommendations could be taken into consideration. A multidisci-
plinary care model, including hematologists, internists, neurologists,
cardiologists, and psychologists, should be recommended for man-
agement of iTTP patients during clinical remission. A comprehensive
long-term clinical care plan, including cardiovascular risk stratification
(based on clinical and instrumental examination) and neuropsycho-
logical and neuroimaging assessment (cerebral MRI), should be
routinely recommended. In particular, regarding cardiovascular pre-
vention, careful screening and monitoring of the traditional cardio-
vascular risk factors (hypertension, hyperlipidemia, smoking, and

diabetes) in iTTP survivors is a widely accepted strategy and should be

jth-
recommended [22]. The comprehensive clinical anamnesis and evalu-
ation should also take the main cardiovascular risk modifiers (eg,
family history of premature cardiovascular disease, psychosocial fac-
tors, ethnicity, body mass index and waist circumference, sedentary
lifestyle, chronic kidney disease, cancer, chronic inflammatory dis-
eases, chronic obstructive pulmonary disease, heart failure, atrial
fibrillation, migraine, sleep disorders, and mental disorders) into ac-
count. Moreover, carotid ultrasonography and echocardiography, if
not performed in the previous 12 months, should be assessed. Based
on the cardiovascular risk category, a personalized treatment goal for
each of the main traditional cardiovascular risk factors (blood pres-
sure, hyperlipidemia, and hyperglycemia) should be defined. Although
the risk of MACEs in these patients during remission seems to be
significantly higher-than-expected based on age, sex, and traditional
cardiovascular risk factors and related validated scores (eg, Systematic
COronary Risk Evaluation 2, SCORE2 [70]), to date, there are no
sufficient data to support the use of antiplatelet agents in primary
cardiovascular prevention in these patients. In other words, aspirin
should be chronically administered only in iTTP patients with a history
of acute coronary syndrome or ischemic stroke occurred in or out the
previous TTP episodes. However, this topic remains questionable,
considering that the observed MACE rate in this population seems to
be consistent with a population with high or very high cardiovascular
risk (eg, with clinically established atherosclerotic cardiovascular dis-
ease). Moreover, it has to be noted that the proportion of patients
with a history of MACE and thus requiring aspirin is likely under-
estimated because of the high proportion of SCI in these patients.
Considering the high prevalence of SCI and the relevance of its early
detection in order to prevent SCI progression, stroke, and long-term
cognitive impairment, a cerebral MRI screening should be performed
in these patients in acute phase and at least once during clinical
remission after at least 6 months of recovery, although a long-term
monitoring strategy should be standardized. The neurological assess-
ment should include the administration of neuropsychological tests,
repeated annually, with the goal to detect and assess the trajectory of
microvascular-related cognitive impairment. Depression management
should combine counseling and, when necessary, appropriate medi-
cations. However, this management has to be personalized, taking into
account patients’ attitudes to these approaches [37].

9 | CONCLUSIVE REMARKS AND FUTURE
DIRECTIONS

This updated overview of the state-of-the-art long-term cardiovas-
cular and neurological complications in iTTP survivors clearly high-
lights how this disease is emerging as a paradigmatic model of
chronic (not only acute) systemic microvascular dysfunction (Figure).

TTP can no longer be regarded solely as an acute and episodic
disease; rather, it should be managed as a chronic condition requiring
a multidisciplinary approach.

Cardiovascular risk factors and neuropsychological symptoms

should be routinely screened and investigated in iTTP patients after
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recovery from an acute episode through a comprehensive clinical
assessment also includes neuropsychological tests, cardiovascular
instrumental exams, and neuroimaging.

Despite growing evidence, several important questions remain
unanswered: (i) the role of ADAMST-13 activity levels during
remission; (ii) the role of antiplatelet agents, caplacizumab, and rit-
uximab as preventive therapies for long-term cardiovascular and
neurocognitive complications; (iii) the most appropriate timeline of
cerebral MRI during clinical remission; (iv) the development and
standardization of novel, diagnostic, noninvasive tools able to assess
and monitor cardiac ischemic-related damage; (v) the identification of
novel predictive phenotypes and omics biomarkers, both iTTP-
related and unrelated, of long-term cardiovascular and neurological
complications; and (vi) how integrating multiomics data (eg, pheno-
type and radiomics) with the final goal of a more personalized
management.

To date, clinical practice for iTTP patients during remission is
quite heterogeneous between reference centers and there are no
shared guidelines concerning prevention of long-term complications.
A task force within the scientific community aimed at the harmoni-
zation and standardization of the clinical approach during remission
is needed to prevent long-term neurological and cardiovascular
complications. This approach should include the most appropriate
screening and monitoring tools (validated neuropsychological tests,
novel biomarkers, instrumental exams, and pipelines for neuro-
imaging data acquisition and analysis) as well as effective preventive
drugs.

A better understanding of the pathogenic mechanisms underly-
ing the risk of long-term cardiovascular and neurocognitive compli-
cations and related organ damage in iTTP patients at different stages

of the disease could provide valuable insights into the systemic

FIGURE Immune-mediated thrombotic
thrombocytopenic purpura (iTTP) as a
model of acute and chronic
microcirculation dysfunction. After
recovery from an acute immune-mediated
TTP episode, a state of cumulative
microvascular damage may persist and
progress over time in an unpredictable
trajectory. Novel preclinical multiomic
biomarkers of microvascular damage could
be useful to identify those patients at
higher risk of major long-term
cardiovascular and neurological
complications who could benefit from
preventive strategies able to modify the
trajectory of the disease.

inical
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consequences of microvascular injury also in other diseases. This may
help physicians and researchers improve their understanding of the
role of microvascular dysfunction in common diseases in the general
population with the identification of novel pathogenic pathways and

therapeutic targets.
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