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Abstract 

Background: Invasive meningococcal disease (IMD) is uncommon, life‑threatening, with many diverse sequelae. The 
aims were to: 1) comprehensively characterise the sequelae; 2) have a systematic application for sequelae impact in 
economic evaluation (EE).

Methods: Sequelae categorised as physical/neurological or psychological/behavioural were identified from a 
systematic review of IMD observational studies (OS) and EEs in high‑income countries (published 2001–2020). A 
comprehensive map and EE‑relevant list, respectively, included physical/neurological sequelae reported in ≥2OS 
and ≥ 2OS + 2EE (≥1OS and ≥ 1OS + 1EE for psychological/behavioural). Sequelae proportions were selected from 
the highest quality studies reporting most sequelae. Three medical experts independently evaluated the clinical 
impact of findings.

Results: Sixty‑Six OS and 34 EE reported IMD sequelae. The comprehensive map included 44 sequelae (30 physical/
neurological, 14 psychological/behavioural), of which 18 (14 physical/neurological and 4 psychological/behavioural) 
were EE‑relevant. Experts validated the study and identified gaps due to limited evidence, underreporting of psycho‑
logical/behavioural sequelae in survivors/their families, and occurrence of multiple sequelae in the acute phase and 
long‑term.

Conclusions: The considerable burden of IMD sequelae on survivors and their families is potentially underestimated 
in EE, due to underreporting and poorly‑defined subtle sequelae. When assessing IMD burden and potential interven‑
tions e.g., vaccination, sequelae range and duration, underreporting, and indirect burden on dependents should be 
considered.

Highlights 

Invasive meningococcal disease survivors frequently suffer from variable sequelae.

A broad sequelae map plus those relevant to economic evaluation (EE) were defined.

Forty‑four sequelae were selected: 30 physical/neurological and 14 psychological/behavioural.

Eighteen EE‑relevant sequelae included 14 physical/neurological and 4 psychological/behavioural
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Background
Invasive meningococcal disease (IMD) is a life-threat-
ening infectious disease, caused by the gram-negative 
bacterium Neisseria meningitidis (N. meningitidis) [1]. 
Disease incidence is highest in infants and young chil-
dren, followed by adolescents i.e., 8.2 microbiologi-
cally-confirmed cases per 100,000 population in infants 
under 1 year of age, 2.5 in children aged 1–4 years, and 
1.0 in adolescents aged 15–24 years across the European 
Union/European Economic Area in 2016 [2–4]. Over-
all incidence rates are considerably lower in the United 
States (US) (overall 0.13/100,000 in 2017), yet they follow 
similar age-related patterns [5].

IMD has a fluctuating epidemiology with variable 
N. meningitidis serogroup distribution worldwide [6, 
7]. Six N. meningitidis serogroups (A, B, C, W, X and 
Y) are responsible for most IMD cases worldwide [5]. 
Serogroup B is currently the most prevalent in Europe 
and the US [2, 3], but there are increasing reports of 
serogroup W cases from Europe, South America and 
Australia [7]. IMD can be prevented with available vac-
cines targeting serogroups C, ACWY or B. The national 
immunisation programs of different countries, however, 
include different vaccines for IMD prevention. Follow-
ing the introduction of meningococcal conjugate C vac-
cines in 1999 (and later quadrivalent meningococcal 
ACWY vaccines), initially in the United Kingdom (UK), 
the incidence of IMD due to serogroup C declined in 
both vaccinated and unvaccinated populations, due to 
herd immunity [8]. The adoption of meningococcal B 
vaccine (4CMenB) into the national immunisation pro-
grams in the UK and regions of Italy has led to further 
important reductions in IMD incidence caused by sero-
group B [9, 10] and W IMD (using modelling to esti-
mate the direct impact of 4CMenB, based on real-world 
serogroup W data, pre- and post-vaccination) [11]. A 
retrospective cohort study in the UK of IMD cases diag-
nosed between 2008 and 2017 shows a decrease in IMD 
in young children 0–4 years of age and in adolescents 
reflecting the introduction of 4CMenB infant vaccina-
tion in 2015 and adolescent quadrivalent ACWY vacci-
nation in 2016 [12].

Common clinical presentations of IMD include men-
ingitis and septicaemia, which can lead to high case 
fatalities in the acute phase, as well as permanent, and 
sometimes very severe, sequelae in IMD survivors [13]. 
The long-term sequelae of IMD significantly impact the 

health of patients as well as their families and social con-
tacts in general. However, the IMD burden beyond the 
individual patient is poorly defined [14].

It is important to comprehensively assess the impact 
of the disease burden when evaluating interventions to 
prevent or treat IMD [12, 13]. Several gaps in the litera-
ture have been identified [14] e.g., studies in IMD survi-
vors may not always capture sequelae that take time to 
develop, due to insufficient follow-up. Because IMD is 
uncommon and can produce a wide range of sequelae, 
observational studies (OS) typically contain small num-
bers of patients and report different sequelae, and few are 
case-control studies. Economic evaluation (EE) in IMD 
is often used to inform policy decisions regarding new 
preventative or therapeutic interventions. It is, therefore, 
crucial to systematically identify, define, and evaluate all 
potential IMD sequelae to understand the full disease 
burden and to define the clinical burden of interest to 
policy decision-makers.

The objectives of this study were 1) to comprehen-
sively map the broad range of IMD sequelae with respect 
to manifestation, severity and duration, via systematic 
literature review (SLR), and 2) to provide a systematic 
approach to identify the clinical impact of sequalae of rel-
evance to EE to inform policy decision-making. A video 
summary linked to this article can be found on Figshare: 
https:// doi. org/ 10. 6084/ m9. figsh are. 19753 840.

Methods
Data collection
An SLR was undertaken to identify both OS and EE in 
IMD published between 2001 and 2020. Medline, Embase 
and the Cochrane library (for economic studies) were 
searched, combining disease terms and outcome terms 
for sequelae and quality of life (QoL) in the OS search 
strategy, with economic terms in the EE search strategy. 
The OS search was an update of a previous SLR [14] and 
included publications in English, French, German, Dutch 
and Spanish from high-income countries (as defined by 
the Organisation for Economic Cooperation and Devel-
opment) from 1 August 2001 to 2 April 2020 (Table 
S1.1A). The EE systematic search was an update of a pre-
vious comprehensive literature review conducted as part 
of an EE [15], and included publications in English and 
French from 1 August 2001 to 2 June 2020 (Table S1.1B). 
Titles and abstracts were screened by two independ-
ent reviewers (KL & MN), using pre-defined inclusion 

Underreporting, family impact and multiple sequelae cases were critical gaps.

A video summary linked to this article can be found on Figshare: https:// doi. org/ 10. 6084/ m9. figsh are. 19753 840.
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and exclusion criteria (based on PICOS in Table S1.2 
i.e., patients, interventions, comparisons, outcomes and 
study designs of interest). Selected full-text OS articles 
were critically analysed using the Scottish Intercollegi-
ate Guidelines Network (SIGN) framework, in which 
the level of evidence is graded from ‘1++’ (i.e., high-
quality meta-analysis, systematic review of clinical trials) 
to 4 (i.e., expert opinion). The methodological quality of 
included full-text EE articles was assessed by the Philips 
et al. (2004) checklist [16]. Data were extracted into pre-
defined data extraction tables: author, year, country, study 
design, population, outcomes, study period, disease onset 
characteristics, serogroups and results. The PRISMA 
flow diagrams (Figs. S1.2 and S1.3) and checklist (Table 
S1.3) are presented in Supplementary file 1.

Data analysis
Three infectious disease experts participated in the key 
analysis steps, using a systematic procedure to indepen-
dently review and validate the methods with respect 
to their clinical validity. The following methodological 
steps were undertaken and are described in more detail 
below: a) definition of a list of possible IMD sequelae to 
which reported sequelae can be mapped (Table S2.1), b) 
pre-define criteria for the objective selection of sequelae 
(criteria presented in Fig. 1) for the comprehensive map 
(Table S2.2 and Table S2.3) and the EE-relevant list (Table 

S2.4), c) categorisation of sequelae as physical/neurologi-
cal or psychological/behavioural, and d) pre-defined cri-
teria for the objective selection of sequela probabilities 
from studies.

As there has been no conclusive evidence to suggest IMD 
sequelae differ by serogroup [14], all potential IMD seque-
lae were compiled, irrespective of serogroup. The previous 
SLR [14] found that sequelae reported in the literature may 
be reported using different terminology. In order to be con-
cise and consistent, the sequelae identified in the previous 
SLR were used to support and define the list of all poten-
tial IMD sequelae presented in this study, with assumptions 
about which conditions are included within each definition 
(see Supplementary file  2, Table S2.1). Based on the data 
extraction, sequelae reported in the literature were then 
mapped to these definitions and categorised as physical/
neurological or psychological/behavioural.

Criteria for selecting IMD sequelae, for both the com-
prehensive map and list of EE-relevant sequelae, were 
validated by all experts. The comprehensive map included 
sequelae reported in OS only. Physical/neurological 
sequelae were selected if the condition was reported in 
at least two OS from two unique countries. For psycho-
logical/behavioural sequelae, which were expected to 
be underreported, the requirement for selection was for 
conditions to be reported in at least one OS (Fig. 1). To 
identify sequelae from the comprehensive map that are 
relevant for EE, physical/neurological sequelae must also 

Fig. 1 Sequelae selection criteria for comprehensive map (from OS) and EE‑relevant list (from OS+EE), with sequela proportions from studies with 
highest SIGN rating and number of outcomes. EE: economic evaluation; OS: observational study; SIGN: Scottish Intercollegiate Guidelines Network. 
Sequelae selected for the comprehensive map must be reported in at least 2 observational studies (OS) for physical/neurological sequelae and at 
least 1 OS for psychological/behavioural sequelae. Sequelae proportions were taken from highest SIGN‑rated studies reporting the greatest number 
of sequelae. Sequelae from this map relevant to economic evaluation (EE) must also be reported in at least 2 health economic studies (HES) for 
physical/neurological sequelae and at least 1 HES for psychological/behavioural sequelae
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be reported in at least two EE and psychological/behav-
ioural sequelae in at least one EE (Fig. 1).

As multiple studies could have reported the probabil-
ity of a given sequelae, the final proportion of cases with 
a sequela was selected among the studies with the high-
est SIGN ratings, from which the study with the high-
est number of reported sequelae was used (Fig. 1). The 
range of reported values across these top-rated studies 
for a given sequela is also presented (see Supplementary 
file 2 for data extraction by sequela [Table S2.2]).

Results
Overview of identified studies
The SLR identified 66 OS and 34 EE providing rele-
vant information on IMD sequelae in survivors across 
22 countries. The majority of OS reported outcomes 
for IMD of any serogroup (non-specified), while the 
majority of EE focused on serogroup-specific IMD (i.e., 

serogroup B or single/multiple A,C,W,Y serogroups) for 
interventions targeting IMD caused by these serogroups 
(Fig.  2). In terms of geographic location, the OS were 
largely conducted in the Netherlands, UK and Spain, 
while countries with more than three EEs were Canada, 
the US, UK and Netherlands (Fig.  2). Overall, 38 OS 
were conducted in children (< 18 years), 10 in adults and 
17 in both (1 unspecified [17]) (Fig. 2). The duration of 
follow up in OS ranged from initial hospitalisation to 
30 years post-diagnosis. The EE were typically lifetime 
economic models that assessed patients from birth until 
death.

Among the 66 OS, the majority reported physical/
neurological (92%) sequelae and 30% reported psy-
chological/behavioural sequelae. Both categories of 
sequelae were observed in IMD cases and reported in 
studies from 2002 onwards. A small number of OS stud-
ies reported 15 or more sequelae e.g., Gottfredsson et al 
(2011) [18], Viner et al. (2012) [19], Bettinger et al. (2013) 

Fig. 2 Distribution by geographic location of OS (with age at IMD diagnosis) and EE, and by IMD serogroup. ACWY/B IMD: single or multiple 
serogroup(s) A,C,W,Y or B invasive meningococcal disease; EE: economic evaluation; EU European Union (i.e., Austria, Germany, Lithuania, 
Netherlands, Spain, Switzerland, UK); OS: observational study; UK United Kingdom; US United States; SIGN: Scottish Intercollegiate Guidelines 
Network. Sequelae selection criteria for comprehensive map (from OS) and EE‑relevant list (from OS+EE), with sequela proportions from studies 
with highest SIGN rating and number of outcomes. The distribution of the 66 observational studies (OS) and 34 health economic studies (HES) by 
country (if > 2 studies conducted per country), and by serogroup

(See figure on next page.)
Fig. 3 Number of IMD sequelae by category reported in A) each OS and B) each EE. AU: Australia; BE: Belgium; CA: Canada; CH: Switzerland; 
CZ: Czech Republic; DK: Denmark; EE: economic evaluation; EU: European Union; FR: France; GE: Germany; GR: Greece; IC: Iceland; IMD: invasive 
meningococcal disease; IR: Ireland; IS: Israel; IT: Italy; N.: number; NL: Netherlands; OS: observational study; PO: Poland; SE: Sweden; SL: Slovakia; SP: 
Spain; UK: United Kingdom; US: United States (of America) *Note: studies reporting number but not type of sequelae or grouping sequelae into a 
composite outcome. The number of sequelae reported per observational study (OS) and per health economic study (HES) categorised as physical, 
neurological or psychological/behavioural
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Fig. 3 (See legend on previous page.)
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[20] and Stoof et al. (2015) [21] (Fig. 3a). Among the 34 
EE, most reported physical/neurological (88%) sequelae 
and 21% reported psychological/behavioural sequelae. 
Prior to 2015, EE included fewer IMD sequelae. From 
2014 onwards, some EE began including psychologi-
cal/behavioural sequelae. Two EE in Italy and one in the 
UK included more than 15 sequelae i.e., Gaspirini et  al. 
(2016) [22], Tirani et  al. (2015) [23] and Sevilla et  al. 
(2019) [24] (Fig. 3b).

To better understand the potential duration of seque-
lae, Fig.  4 presents an overview of time from IMD 
onset to follow-up study reporting each sequela, for 
IMD cases aged 0–4 years, 5-17y and 18+ years. Many 
physical/neurological sequelae were reported in studies 
with long follow-up durations of up to 16–23 years, and 
sequelae such as hearing loss, seizures and skin scar-
ring were often investigated in follow-up studies in all 
age groups. The majority of psychological/behavioural 
sequelae, however, had a maximum follow-up duration 
of 2–5 years post-diagnosis, were mostly reported by 
Viner et al. (2012) [19], and most data were from IMD 
cases occurring in infants and young children aged 
0–4 years (Fig. 4).

Comprehensive map of IMD sequelae
The range of possible IMD sequelae from the previous 
SLR, to which the sequelae identified in this study were 
mapped, is presented in Table S2.1.

The sequelae selection criteria and resulting seque-
lae list was validated independently by the clinical 
experts. The combined process led to the selection of 
44 IMD sequelae in the comprehensive map; 30 physi-
cal/neurological and 14 psychological/behavioural 
sequelae (Table 1).

There was a wide range of reported proportions 
of cases with sequelae across included studies. The 
selected proportion for each sequela was chosen from 
the highest quality studies reporting the greatest num-
ber of sequelae (Table  1). The sum of all IMD seque-
lae proportions in Table  1 is over 40%. While some 
studies reported more types of sequelae than others, 
the broad range of IMD sequelae was not captured 
from a single study but across multiple studies i.e., 
11 OS reporting physical/neurological sequelae, and 
5 OS reporting psychological/behavioural sequelae. 
Although IMD is not commonly seen in clinical prac-
tice, some reported sequelae proportions were found 
to be either lower than experts’ expectations (e.g., skin 
scarring, limb deficiencies/deformities, other and non-
specified musculoskeletal deficiencies) or higher (e.g., 
Raynaud phenomenon, other and non-specified vascu-
lar conditions and hydrocephalus). However, the high 
proportion of IMD cases with some sequelae, such as 

Raynaud phenomenon, was deemed plausible, as the 
specific study (Borg et  al. 2009 [28]) was designed to 
capture this outcome (Table S2.3).

IMD sequelae relevant for EE
Among the sequelae in the comprehensive map, 18 
sequelae met the criteria and were deemed more rel-
evant for EE based on previous inclusion in economic 
studies; these included 14/30 physical/neurological 
sequelae and 4/14 psychological/behavioural seque-
lae. The physical/neurological sequelae were captured 
by five different studies and psychological/behavioural 
from two studies, with wide variations in reported pro-
portions with sequelae across studies (Table  1). The 
sequelae selected for EE were qualified as relevant 
from the clinical perspective. It is likely that seque-
lae not widely reported in OS were also not included 
in previous EEs. As the EE list was based on sequelae 
from previous EEs, there may be relevant sequelae 
from the comprehensive map that have never been 
considered in EE e.g., learning disabilities, pulmonary 
conditions and susceptibility to respiratory illnesses 
(like respiratory syncytial virus and influenza) can 
impact economic burden (Table S2.4).

Supplementary file  2 contains the sequelae data 
extraction and expert comments on mapping reported 
outcomes (Table S2.1), sequela selection methodology 
(Table S2.2), sequela proportions selected (Table S2.3), 
and EE-relevant sequelae (Table S2.4).

Discussion
This study comprehensively analysed observational and 
economic studies from 2001 to 2020, to determine the 
clinically-relevant burden of IMD sequelae. A particular 
focus was on the sequelae included in EE. Using a sys-
tematic approach, 44 sequelae of varying severity were 
included in the comprehensive map, of which 18 were 
classed as important for EE. The physical/neurological 
and psychological/behavioural sequelae were caused by 
any serogroup, and some were permanent and disabling.

With the exception of 6/66 OS and 4/34 EE that 
reported over 10 IMD sequelae, most other studies 
reported a narrow range of sequelae, with on average 
only one psychological/behavioural sequela (Fig. 3). It is 
important to note that physical/neurological sequelae are 
often apparent e.g., amputation, skin scarring or hear-
ing loss, and are, thus, likely to be reported. In contrast, 
certain psychological/behavioural sequelae are more 
insidious, may take time to become apparent, or may 
not be attributed to IMD, and thus may evade report-
ing. In a recent retrospective case-control study of IMD 
in the UK, psychological sequelae were reported after a 
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Fig. 4 Time from IMD onset to follow‑up study reporting each physical/neurological and psychological/behavioural sequela, by age group at IMD 
onset. The time from IMD onset (for age groups 0–4 years, 5–17 years and 18+ years) to follow‑up study reporting each physical/neurological and 
psychological/behavioural sequela is presented



Page 8 of 13Shen et al. BMC Public Health         (2022) 22:1078 

Table 1 Comprehensive IMD sequelae map: selected sequelae proportions (range across studies), and relevance for economic evaluation

Category / clinical presentation Sequelae % (range across 
studies)

Relevant for EE Source SIGN

Category: Physical/neurological sequelae

Renal condition 7.32 (0.79–8.92) Yes Huang 2020 [25] 2+
Hearing loss – unilateral/hearing impairment 6.47 (2.30–12.94) Yes Viner 2012 [19] 2++
Non-severe neurological disorders 5.02 (1.26–12.17) Yes Rivero‑Calle 2016 [26] 2+
Hearing loss – moderate bilateral 4.74 (3.32–4.74) Yes Viner 2012 [19] 2++
Communication disorders 4.18 (0.39–12.17) Yes Viner 2012 [19] 2++
Motor deficit - composite of: 3.97 Yes

 Muscle weakness 2.47 (0.26–5.83) Cabellos 2019 [27] 2+
 Palsy 0.26 (0.26–7.93) Bettinger 2013 [20] 3

 Movement coordination/ balance deficits 0.22 (0.00–16.83) Rivero‑Calle 2016 [26] 2+
 Other and non-specific motor deficits 1.02 (1.02–12.17) Bettinger 2013 [20] 3

Skin scarring (with/without grafting) 3.66 (1.67–17.82) Yes Huang 2020 [25] 2+
Hearing loss – severe/profound bilateral (cochlear implant) 2.45 (1.53–11.88) Yes Viner 2012 [19] 2++
Seizures/epilepsy 2.09 (0.92–7.06) Yes Viner 2012 [19] 2++
Other and non-specified skin disease (e.g., skin necrosis, eczema, psoriasis) 1.53 (1.53–2.40) Yes Rivero‑Calle 2016 [26] 2+
Amputation 1.26 (major) 2.09 (major and 

minor) (1.74–3.84)
Yes Viner 2012 [19] 2++

Severe neurological disorders 1.02 (1.02–1.18) Yes Bettinger 2013 [20] 3

Mental retardation/low IQ 0.84 (0.52–2.44) Yes Viner 2012 [19] 2++
Blindness/severe visual impairment 0.42 (0.26–2.44) Yes Viner 2012 [19] 2++
Raynaud phenomenon symptoms 27.72 Borg 2009 [28] 2+
Other and non‑specified vascular conditions 15.24 (0.26–15.24) Huang 2020 [25] 2+
Chronic headaches 13.91 (13.91–18.33) Stein‑Zamir 2014 [29] 3

Other and non‑specific physical conditions 12.87 (0.92–12.87) Borg 2009 [28] 2+
Learning disabilities* 11.76 Svendsen 2020 [30] 2+
Pulmonary condition 10.82 (0.13–10.82) Cabellos 2019 [27] 2+
Arthritis 5.73 (5.73–7.59) Gottfredson 2011 [18] 2‑

Limb deficiency/deformities 3.96 (3.96–8.70) Borg 2009 [28] 2+
Other and non‑specific intellectual disabilities 1.48 (0.63–22.61) Gottfredson 2011 [18] 2‑

Other visual impairments 1.13 (0.92–1.13) Sadarangani 2015 [31] 2‑

Other and non‑specified musculoskeletal deficiencies 0.44 (0.44–3.65) Rivero‑Calle 2016 [26] 2+
Other and non‑specified abnormal brain activity 0.26 Bettinger 2013 [20] 3

Vegetative state 0.13 Stoof 2015 [21] 3

Category: Psychological/behavioural sequelae

ADHD 11.41 Yes Viner 2012 [19] 2++
Separation anxiety 6.85 Yes Viner 2012 [19] 2++
Generalised anxiety 2.68 (2.68–5.83) Yes Viner 2012 [19] 2++
Depression 0.26 (0.00–5.83) Yes Bettinger 2013 [20] 3

Oppositional defiant disorder 11.41 Viner 2012 [19] 2++
Other and non‑specific anxiety disorders 6.67 (0.00–6.67) Gottfredson 2011 [18] 2‑

Conduct disorder 6.04 Viner 2012 [19] 2++
Specific phobias 4.70 Viner 2012 [19] 2++
Other and non‑specific emotional/behavioural disorders 3.41 Stoof 2015 [21] 3

Hydrocephalus 2.44 Huang 2020 [25] 2+
Autistic spectrum disorder 1.34 Viner 2012 [19] 2++
Social anxiety disorder/social phobia 1.34 Viner 2012 [19] 2++
Eating disorder 0.68 Viner 2012 [19] 2++
Post‑traumatic stress disorder 0.00 Viner 2012 [19] 2++

Note: No range is reported when sequela was from a single study
ADHD Attention-deficit/hyperactivity disorder, EE Economic evaluation, IMD Invasive meningococcal disease, IQ Intelligence quotient, SIGN Scottish Intercollegiate 
Guidelines Network
a Aggregate % reported for: learning disabilities, behavioural problems and memory loss, used as a proxy for ‘learning disabilities’
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median of 15.5 months (up to 36.2 months in infants) 
while neurological sequelae were reported after a median 
of 8.5 months and physical sequelae, a median of 1 month 
[12]. As such, the risk of under-reporting and under-esti-
mation of IMD burden due to psychological/behavioural 
sequelae is high. The design of OS intended to capture 
the full extent of psychological/behavioural sequelae 
of variable severity and duration is demanding, since 
extended observation periods are required, as are sophis-
ticated designs including blinded investigators, adequate 
control groups, tools to determine coping mechanisms 
[32], and so forth.

EEs tend to focus on quality-adjusted life-years and 
cost impact in cost-effectiveness analysis, therefore, 
sequelae that have an important adverse effect on health-
related quality of life (HRQOL) or survival, and those 
with long-term or high costs, are particularly relevant for 
EE. EEs with a more comprehensive approach e.g., those 
including a wide range of sequelae with their associated 
impact on HRQOL of patients and caregivers as well 
as long-term costs [22–24] are better able to depict the 
cost-effectiveness of IMD interventions, an essential fac-
tor when used to guide policy decisions [33]. By contrast, 
EEs that include a narrow range of sequelae may under-
estimate the burden of IMD and its health and economic 
impact, and thus fail to grasp the cost-effectiveness of 
IMD interventions, as demonstrated in Beck et al. (2021) 
[15]. A recent systematic review of economic evaluations 
in depression has shown that changing from a narrow 
payer perspective to a broader societal perspective (e.g., 
considering the burden on caregivers as well as patients) 
can change the outcome of the analysis and thus affect 
policy decisions [34]. Systematic reviews are better suited 
to capture the burden of disease and thus to be used in 
EEs, yet they rely on the quality of included studies.

The evaluation of study findings from a clinical and 
real-world perspective highlighted several gaps and areas 
for future research. Firstly, regarding the list of possible 
sequelae, several factors can affect whether sequelae are 
reported in relation to IMD. For example, some seque-
lae that receive high attention are rare in IMD survivors 
e.g., palsy, non-specified disruptive impulse control and 
conduct disorders, vegetative state, and substantial post-
traumatic stress disorders (PTSD). Moreover, age sub-
stantially impacts the diagnosis of sequelae e.g., PTSD 
and depression may be easier to diagnose in adults than 
in young children. Some sequelae may be attributed to 
other medical conditions or may vary greatly in sever-
ity, resulting in a variable disease impact e.g., other/
non-specific anxiety disorders, conduct disorder, autism, 
depression and oppositional defiant disorder. A number 
of sequelae are not typically assessed in studies, including 

pain, dysesthesia and aesthetic sequelae related to skin 
scarring.

In view of the comprehensive map, the impact of IMD 
on HRQOL, on other household members, survivor 
dependency and potentially important financial conse-
quences where productivity of patients and caregivers 
is impacted [14] was usually not adequately captured in 
studies assessing psychological sequelae. Thus, underre-
porting of psychological/behavioural sequelae concerns 
both patients and family members. As such there is a 
discrepancy in the depiction of these sequelae in the lit-
erature versus clinical experience. The questions raised 
highlight the scarcity of available evidence in IMD sur-
vivors and the need to conduct further research to bet-
ter grasp the lifelong impact of sequelae on patients and 
family members.

A wide range of sequela proportions were reported 
across studies in some cases (Table S2.2), even among 
high-rated studies (defined by high SIGN quality rat-
ing and high number of reported sequelae) (Table S2.3). 
Better strategies are, therefore, needed to select and jus-
tify the chosen point estimates and reduce uncertainty 
resulting from highly variable sequelae incidence. The 
strategy selected in this analysis prioritised high-quality 
studies with the largest number of sequelae outcomes 
reported. Robust estimates of sequela proportions may 
be best achieved by increasing the sample sizes, although 
this remains a major challenge for uncommon diseases 
such as IMD. In this analysis, it was not possible to pool 
data due to heterogeneity across study populations and 
designs. Future analyses may give more weight to find-
ings from controlled studies, such as the case-control 
study by Viner et al. (2012) [19] and Guedes et al. (2021) 
[12]. Many studies lacked healthy control groups, which 
made interpretation of subtle differences in neurologi-
cal sequelae difficult e.g., an intelligence quotient (IQ) 
loss below 10 points is likely to evade analysis in many 
studies.

Finally, regarding the EE-relevant list of sequelae, 
more specific definitions should be considered for neu-
rological and neuropsychological disorders including 
depression. For example, the term depression covers a 
broad range of disease severity with variable, and often 
ill-defined, economic impact, in particular if it occurs 
with other sequelae. The sequelae considered for EE 
represent an important burden for IMD survivors, with 
clinical observations suggesting a potentially significant 
proportion of patients suffer from these conditions likely 
to lead to higher medical costs and require long-term 
care. The clinical evaluation also identified EE-relevant 
sequalae that were not included in previous EE, but 
which may have high or long-term costs or an important 
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HRQOL impact, e.g., pulmonary conditions and learning 
disabilities.

In clinical practice, multiple organs are found to be 
affected both in the acute phase of IMD or over the life-
time of some survivors. The numbers of IMD patients 
with multiple sequelae seems, however, to be inade-
quately reported or quantified in OS. In a study by Dar-
ton et  al. (2009) [35], nearly 30% of patients with IMD 
were reported to have physical and/or neurological 
sequelae, based on a limited list of sequelae considered 
i.e., defined as the need for dialysis, limb loss, skin graft, 
need for audiometry or visual impairment. In a US man-
aged care population, Karve et  al. (2011) [36] identified 
34% of IMD patients with sequelae based on a list of up 
to 15 possible sequelae investigated, whereas Davis et al. 
(2011) [37] identified 41% of IMD patients with seque-
lae investigating up to 18 possible physical/neurological 
sequelae [4]. These studies did not consider the full range 
of physical/neurological and psychological/behavioural 
sequelae of IMD. Based on our analysis, the sum of all 
sequelae proportions is over 40%, but given the scarce 
evidence and underreporting, it is difficult to speculate 
if this number represents the proportion of survivors 
with at least one sequela, however, this does suggest a 
potentially high prevalence of sequelae in survivors. This 
is supported by the recent UK case-control study which 
found that 43.8% of IMD cases developed at least one 
sequela, compared with 23.1% of controls [12]. Further 
investigations should focus on the prevalence of multiple 
sequelae and how to address their combined impact in 
EE. The sequelae proportions also need further investi-
gation due to the limited evidence available and under-
reporting of psychological sequelae.

This study has a number of limitations. Comparing 
results across studies was challenging due to variations 
in study design, disease manifestation, age of subjects, 
study population investigated, time points and length 
of follow-up, as well as definitions and types of assess-
ment used for sequelae. This heterogeneity resulted in a 
wide range of reported sequelae proportions and made 
pooling of data difficult. A more sophisticated approach 
is needed in future for separate analysis of data in chil-
dren and adults e.g., where countries may consider 
different age groups for vaccination. As observed in 
the UK, vaccination of children and adolescents has 
reduced IMD incidence in these age groups, but adults 
are still affected, with significantly higher risks versus 
controls of mortality, driven by cases over 25 years old, 
and of severe sequelae, by cases over 50 years old [12]. 
The sequelae reported in each study varied consider-
ably. Thus, additional criteria based on SIGN study 

quality rating and number of outcomes per study were 
considered, however there is still room for bias in the 
outcomes reported. Further statistical analysis should 
consider either applying standardisation methods 
(matching propensity analysis) to correct for patient 
characteristics in the study populations, or bootstrap-
ping approaches to confirm sequelae trends where data 
is limited (although this alone may impose many chal-
lenges) or should focus on case-control studies. Addi-
tionally, to better understand the natural history of the 
disease, studies may consider analysing and applying 
time to follow up data to track sequelae development or 
confirm sequelae distribution over patients’ lifetime, or 
conduct sub-group analysis to determine potential risk 
factors (e.g., age [12]). Some generic definitions were 
used to group non-specific sequelae in this analysis, as 
not all studies clearly defined specific sequelae.

The comprehensive list of sequelae, including 
assumptions of which conditions are included in each 
definition, may be a helpful classification to harmo-
nise reporting in future studies and allow for com-
parisons across studies. This study has highlighted 
the importance of not underestimating the burden 
of psychological sequelae on patients and caregivers. 
During the COVID-19 pandemic, caregivers expe-
rienced significantly more mental health issues than 
non-caregivers, highlighting some of the difficulties 
families face in managing chronic conditions [38]. This 
should be accounted for in future studies, especially 
when considering multifactorial disease burden i.e., 
COVID-19 in IMD survivors could increase the spillo-
ver burden on caregivers. While data on co-infection 
of IMD and COVID-19 are rare [39], a recent study 
in the UK in patients with invasive pneumococcal dis-
ease (IPD) co-infected with COVID-19 found the risk 
of death increased significantly in co-infected patients 
compared to IPD or COVID-19 alone [40]. During the 
pandemic, there was a significant decline in invasive 
diseases transmitted by respiratory droplets, including 
IMD, likely as a result of containment measures put in 
place to prevent SARS-CoV-2 transmission. Several of 
these deadly invasive diseases are vaccine-preventable, 
and continued vaccination can help prevent a poten-
tial increase in burden once containment measures 
are lifted [41, 42]. The restrictions also resulted in 
disruptions to vaccination provision, including child-
hood vaccination for IMD in some countries [41]. UK 
surveillance data has shown an increase in serogroup 
B IMD cases in the months following easing of social 
distancing measures, and primarily among adolescents, 
who are not vaccinated with 4CMenB [43].
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Conclusion
This study comprehensively reviewed existing literature 
with a clinical evaluation of IMD sequelae. The results 
demonstrate the considerable burden that IMD survivors 
may experience due to physical/neurological and psy-
chological/behavioural sequelae, and the need for addi-
tional research to quantify the impact. The full sequelae 
impact has been previously underestimated in EE, due to 
challenges in synthesising scarce evidence, and underre-
porting of psychological/behavioural sequelae. Compre-
hensive consideration of these factors (e.g., underreported 
sequelae, multiple sequelae, burden beyond the patient) 
is warranted when assessing IMD burden and potential 
interventions to reduce it, such as vaccination programs.
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