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Abstract

Background: Diagnosis, treatment, and care of patients with rare diseases require multidisciplinary cooperation
between medical and paramedical specialities and with patients and families. Innovative genetic diagnostics, whole
exome and whole genome sequencing (WES, WGS) has enlarged the diagnostic toolkit but also increased the com-
plexity of the endeavour. Structured multidisciplinary clinical pathways (CPW) can guide diagnosis, treatment, and
care of patients with rare diseases, link scientific evidence to clinical practice and optimise clinical outcomes whilst
maximising clinical efficiency.

Results: In contrast to the common approach of appending disease-specific CPWs to disease-specific guidelines,

we suggest a generic CPW manoeuvring the patient along the way of finding the correct diagnosis by applying the
best diagnostic strategy into an appropriate system of treatment and care. Available guidelines can be integrated into
the generic CPW in the course of its application. The approach also applies to situations where a diagnosis remains
unsolved. The backbone of the generic CPW is a set of multidisciplinary structured case conferences projecting and
evaluating diagnostic and/or therapeutic steps, enforcing to integrate best scientific evidence with clinical experi-
ence. The generic CPW is stated as a flowchart and a checklist which can be used to record and document parsimoni-
ously the structure, process and results of a patient’s pathway, but also as a data model for research. It was applied in a
multicentre setting with 587 cases each with a presumptive diagnosis of a rare disease. In 369 cases (62.8%) a diagno-
sis could be confirmed, and multidisciplinary treatment and/or care was initiated. The median process time from first
contact until confirmation of diagnosis by WES was 109 days and much shorter than diagnostic delays reported in the
literature. Application of the CPW is illustrated by two case reports.

Conclusions: Our model is a tool to change the diagnostic odyssey into an organised and trackable route. It can
also be used to inform patients and families about the stages of their individual route, to update health care providers
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only partially involved or attending specialised treatment and care, like the patient’s or family’s primary physician, and

finally to train novices in the field.

Keywords: Clinical pathway, Rare diseases, Diagnostic odyssey, Evidence-based medicine, Case management

Background

In Germany approximately four million people are suf-
fering from rare diseases [1]. Many patients endure a
long odyssey before their condition can be diagnosed
and managed appropriately. Of them, about 80% have
a genetically determined disease, often manifesting in
(early) childhood. Predominantly, these diseases are clini-
cally heterogeneous, complex and often associated with a
chronic and deteriorating course [2]. Therefore, multidis-
ciplinary care of specialists, general practitioners, nurses,
therapists, and social workers must be established to pro-
vide best care for patients and families [3-5].

In 2009 the Council of the European Union addressed
the problem of rare diseases [6]. In 2010 the German
Federal Ministry of Health (BMQ) together with the Ger-
man Federal Ministry of Education and Research (BMBF)
and the Alliance for Chronic Rare Diseases (ACHSE e.V.)
[7] founded the National Action League for People with
Rare Diseases (NAMSE) to devise measures for improv-
ing health care for patients with rare diseases [8]. Three
years later, 2013, the German National Plan of Action for
People with Rare Diseases was published [9]. Overall, 52
policy proposals were compiled covering a wide spec-
trum of tasks on information management, establish-
ment of diagnostic pathways, care-giving structures, and
research. However, up to date only few recommendations
could be put into action.

To improve the care of patients with rare diseases the
German Federal Joint Committee (G-BA) funded the
innovation project TRANSLATE-NAMSE from April
2017 until September 2020 [10, 11]. TRANSLATE-
NAMSE was a health care project (development and
establishment of new structures and processes across
different healthcare providers and disciplines) and not
a health care research project (scientific investigation of
patient-centred and population-based care). Nine Ger-
man centres for rare diseases (Berlin, Bonn, Dresden,
Essen, Hamburg, Heidelberg, Liibeck, Munich, Tiibin-
gen), two health insurance companies (AOK Nordost;
Barmer GEK) and the Alliance for Chronic Rare Diseases
(ACHSE e.V.) established a consortium to design, test
and evaluate a model of structured care for patients with
rare diseases [12].

TRANSLATE-NAMSE had three sub-projects. Sub-
project number one was devoted to make diagnoses in
hitherto undiagnosed patients with a long diagnostic
odyssey, including structured case-conferences and the

use of innovative genetic testing (whole exome sequenc-
ing). Sub-project number two had to organize the tran-
sition from paediatric to adult care of patients with rare
diseases as a structured and quality assured process [13].
Here we present sub-project number three which had
the goal to develop a generic clinical pathway (CPW) for
confirmatory diagnostics, treatment and care of individu-
als with a presumptive diagnosis in one of five defined
groups of rare diseases, i.e. rare amaemias, endocrinopa-
thies, autoinflammatory diseases, primary immune
deficiencies and inborn errors of metabolism. The five
disease groups were selected since they include diseases
from the German newborn screening panel or the par-
ticipating centres had acknowledged expertise.

A Cochrane systematic review and meta-analysis [14]
defined clinical pathways (CPW) as structured multi-
disciplinary care plans, which are used by health ser-
vices to detail essential steps in the care of patients with
a specific clinical problem with the aim to link evidence
to practice and optimise clinical outcomes whilst max-
imising clinical efficiency. CPWs may lead to reductions
in hospital complications, improved documentation,
significant reduction of length of stay and a decrease in
hospital costs. Traditionally CPWs translate guidelines
for specific disorders into local management protocols
where pathway development is described correspond-
ing to guideline development [15]. As a result, disease-
specific CPWs are supplementary material to guidelines
or later on appended to already existing guidelines [16].
However, as clear CPWs only exist for the most frequent
rare diseases, if at all, this approach will not fit with situ-
ations where a diagnosis has yet to be established and the
disease matching guideline to be determined. Our study
pursued two objectives. In phase one a generic CPW
should be developed, manoeuvring the patient along the
way of finding the correct diagnosis or applying the best
diagnostic strategy and guiding the patient into an appro-
priate system of treatment and care. The CPW should be
graphically displayed as a flowchart as well as a checklist
explicating the flowchart elements and allowing to docu-
ment the workflow for single individuals. In phase two
the approach should be tested in clinical practice.

Methods

In phase one the flowchart and the checklist were devel-
oped by a CPW development group with representatives
of all disciplines involved in diagnosis, treatment and
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care of the five defined groups of diseases [15]. Avail-
able guidelines for the five defined groups of rare dis-
eases were identified, e.g. [17, 18], and current and past
practice were reviewed. Development started with the
flowchart which was then translated into a checklist
describing explicitly the actions in each particular step,
also allowing to document results and corresponding
process times. Drafts of both documents were reviewed
by all participating centres and finalized via a circulation
procedure. In phase two the final documents were imple-
mented as PDF forms in the hospital information systems
of six university medical centres (Berlin, Dresden, Essen,
Heidelberg, Liibeck, Munich) and staff was educated to
apply the CPW in clinical practice. WES was performed
by four university departments of human genetics (Ber-
lin, Bonn, Munich, Tiibingen) which were members of
the TRANSLATE-NAMSE consortium. Data in the PDF
forms were read out into CSV files, merged across all
participating centres, imported into SPSS 26, checked
for plausibility and completeness, and analysed descrip-
tively. Results of the clinical application of the CPW were
evaluated independently by the Berlin School of Public
Health (https://bsph.charite.de/en/) and the Center for
Evidence-Based Healthcare, University Hospital Dresden
(https://www.uniklinikum-dresden.de/de/das-klinikum/
universitaetscentren/zegv/center-for-evidence-based-
healthcare/center-for-evidence-based-healthcare).

Results

The clinical pathway as a flowchart

Figure 1 shows the steps of the suggested CPW as a
flowchart. The meaning of symbols and abbreviations is
explained in the legend. The chart allows to display differ-
ent courses of events, depending on the results of diag-
nostic procedures and/or expert clinical decision. The
step numbers in the text refer to the corresponding step
of the flowchart. Concrete actions in the different steps
of the generic CPW are directed by structured interdis-
ciplinary case conferences enforcing integration of best
scientific evidence with clinical experience [19]. Partici-
pants and disciplines in case conferences are recruited by
a medical coordinator according to available guidelines
and/or clinical requirements. The process either starts
from a positive newborn screening (NBS) result or from a
clinical phenotype and/or one or more biomarkers (step
1). In a first case conference (step 2) either a standard-
ised protocol for confirmatory diagnostics is triggered
(if the presumptive diagnosis comes out from a defined
screening panel) or an ad hoc protocol for confirmatory
diagnostics is established based on available information
(biomarkers and/or the clinical phenotype). Results of all
confirmatory diagnostics (step 3) must be timely evalu-
ated in a second case conference (step 4), resulting in the
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decision whether the presumptive diagnosis (PDx) was
confirmed or not (step 5).

If a PDx was confirmed the institution which referred
the patient has to be informed about the result (T™)
(step 6). Disease-specific treatment and care (including
information and education of patients and/or parents)
is coordinated in a third case conference (step 7), timely
implemented (step 8), and evaluated after an appropriate
time in a fourth case conference (step 9). A feedback loop
(step 10) from step 9 to step 7 secures long-term moni-
toring (decisions about continuation or modification) of
treatment and care.

If the PDx could not be confirmed in step 5, it must
be decided whether the case must be evaluated as false
positive (FT) (step 11). If this is the case, patients and/or
parents as well as the referring institution are informed
about the results (step 12) and the clinical pathway ends
here.

If the PDx could neither be confirmed nor dismissed as
false positive, the clinical pathway moves to an additional
case conference (step 13) with the aim to decide whether
further, particularly innovative diagnostics, e.g. whole
exome sequencing (WES), whole genome sequenc-
ing (WGS) should be accomplished. Following a posi-
tive decision, innovative diagnostics is performed (step
14) and evaluated (step 15). If a diagnosis can be made
(step 16), disease-specific treatment and care (including
information and education of patients and/or parents)
is coordinated in a further case conference (step 17),
implemented (step 18), and the referring institution is
informed about the diagnostic result and decisions about
treatment and care. After an appropriate period of time
treatment and care are evaluated in an additional case
conference (step 20). Results of the evaluation enter a
feedback loop (step 21) allowing long-term monitoring
and adaptation of treatment and care.

If a diagnosis cannot be reached by step 16 of the clini-
cal pathway, a case conference (step 22) decides whether
further innovative diagnostics should be executed. The
circuit of steps 22, 14, 15, 16, 22 may run through sev-
eral times, always in the setting of a multidisciplinary
case conference. In the same way as in step 13 it can be
decided in step 22 that innovative diagnostics will not
be useful, further investigations should be stopped, and
that the diagnosis has to remain unsolved (step 23). If
the diagnosis is confirmed by innovative diagnostics, dis-
ease-specific treatment and care (including information
and education of patients and/or parents) is coordinated
in a 54j™ case conference (step 17) and timely imple-
mented (step 18). The referring institution is informed
about diagnostic results and therapeutic decisions (step
19). Treatment and care are evaluated after an appro-
priate time in an additional case conference (step 20). A
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Fig. 1 The clinical pathway as a flowchart. Following conventions for flowcharts, rounded rectangles indicate start or end of a process, rectangles
represent actions, and rhombuses binary decisions. Vertical arrows starting from rhombuses always point to the next step if the answer is yes,
horizontal arrows point to the next step if the answer is no. Circled numbers 1 to 23 refer to the explanation of the particular step in the text. 3 +i
withi=0,2,3,.....in step 7 for i=0 the third case conference coordinates treatment and care for the first time. When results of the evaluation of
treatment and care in step 9 are fed back to step 7, the conference deciding continuation or modification of treatment and care is the 3+ 2=5™
case conference, and so on. 4+jwith j=0,2,3,4, ...:in step 15 for j=0 it is the 4™ case conference. If in step 16 PDx is not confirmed, and in Step
22 (the 5™ conference) it is decided to perform further innovative diagnostics, than returning to step 14, the number of the case conference will
be 4+i=2, ie.the 6™ conference, and so on. Presumptive (P) Dx|Biomarker, clinical Phenotype: presumptive diagnoses given Biomarker or clinical
Phenotype; the symbol () is to be read as‘in case of Dx: Diagnosis, F*: false positive, NBS: newborn screening, PDx: presumptive diagnosis, TT: true
positive, WES: whole exome sequencing




Choukair et al. Orphanet Journal of Rare Diseases (2021) 16:474

feedback loop (step 21) from step 19 to step 17 allows
long-term monitoring (decisions about continuation or
modification) of treatment and care and the outcome
of the patient. Supposed the case conference in step 13
decides that innovative diagnostics is not promising, the
diagnosis remains unsolved (step 23), and the patient is
referred to symptomatic care (step 18) and monitoring
(steps 20, 21). The sequential organisation of the flow-
chart does not exclude parallel actions. For example,
as delineated in the description of case 2 below, even if
the final diagnosis is not yet established and innovative
diagnostics is decided to be done (step 13), symptomatic
patients as well as asymptomatic patients at risk for clini-
cal onset of disease can get standardised prophylaxis,
treatment, care and monitoring (steps 7, 8, 9, 10).

The clinical pathway as a checklist

Figure 2 shows the transformation of the steps of the
flowchart in Fig. 1 into the items of a checklist. This
checklist allows to document the CPW of a patient in a
parsimonious but comprehensive way. Single process
steps are now fleshed out by content, i.e. the items define
the required type of action or information and replies
to the items describing what essentially has been done.
Multidisciplinary compositions of case conferences, as
well as process times can be documented. There are two
reasons why the numbers of the steps in the flowchart do
not correspond to the numbers of the items in the check-
list. First, the checklist is more comprehensive than the
flowchart, and second the flowchart is not linear but is
branching out depending on the result in a decision
rhomb. For example, if in step 5 the presumed diagnosis
is not confirmed and classified as false positive (step 11),
patients and the referring institution are informed about
all results. In the checklist this is documented in Item
12 from where the user is directly forwarded to items
24.1 (information of the patient about diagnosis) and
32 (information of the referring institution). The eight
actions provided in item 24 (standardized multiprofes-
sional treatment and care) can by selected according to
the medical requirements of the particular diagnosis and
individual needs of the patient.

Two case reports illustrating the clinical pathway model
To illustrate the application of our clinical pathway
model, we describe a patient coming with a positive NBS
result of slightly elevated 17-hydroxyprogesterone in
dried blood spot (case 1) and a patient presenting post-
partum with a clinical phenotype of ambiguous genitals
(case 2).

Case 1: male, born June 2019; presumptive diagno-
sis based on positive newborn screening result. Step
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numbers in brackets refer to the corresponding step in
the flowchart in figure 1.

After uneventful pregnancy a full-term male infant
was born spontaneously. Parents are unrelated healthy
Caucasians. Newborn screening at day 3 postpartum
(pp) revealed slightly elevated 17-hydroxyprogesterone
(17-OHP) in dried blood spot (69 nmol/l, cut-off<50)
[20]. Screening recall according to the German screen-
ing guidelines revealed elevated 17-OHP in blood dried
spot (82 nmol/], cut-oft<30) at day 10 pp while the new-
born remained asymptomatic. Determination of serum
17-OHP was initiated (step 1).

In a first case conference, organized by the medical
coordinator of the centre for rare diseases Heidelberg,
a paediatric endocrinologist together with the guaran-
tor for medical validation of the newborn screening
results met. Based on the now clearly elevated 17-OHP
it was decided to follow-up the presumptive diagnosis of
21-hydroxylase deficiency (21-OHD). Concordant with
guidelines [21] immediate hospitalization for initiating
the confirmation diagnostics as well as start of the treat-
ment was recommended (step 2).

On admission a 15-day old dystrophic male presented
with icteric skin colour, male infantile genitals with testes
volumes of 1 ml each and no hyperpigmentation. Serum
17-OHP (4318 ng/dl) and 21-desoxycortisol (21DF)
(1175 ng/dl) were significantly elevated, suggesting clas-
sical congenital adrenal hyperplasia (CAH). Additional
laboratory examinations revealed sodium 133 mmol/L
(norm 131-145), potassium 5.45 mmol/L (3.6-6), glu-
cose 91 mg/dl (60—100), total bilirubin 15.9 mg/dl (< 3);
direct bilirubin 1.3 mg/dl (<0.3); normal blood gas anal-
ysis. Determination of adrenocorticotropic hormone
(ACTH), plasma renin activity, 17-OHP and 21DF was
initiated. Prompt treatment with a bolus of hydrocorti-
sone 30 mg/m? i.v. was followed by continuous infusion
of hydrocortisone 15 mg/m?/d. Five days after admission
(day 20 pp) the results from the initial serum samples
were elevated for serum 17-OHP (6611 ng/dl, N <300)
and 21DF (1581 ng/dl, 2-15), also for ACTH 182 pg/ml
(10-50), and plasma-renin-activity 62 ng/Al/h (4-35)
(step 3).

In a second case conference (step 4), organized by the
medical coordinator of the centre for rare diseases Hei-
delberg, the paediatric endocrinologist and the guarantor
for medical validation of the steroid hormone labora-
tory confirmed the suspected diagnosis of CAH due to
210HD (step 5), and recommended additional molecu-
lar genetic analysis of CYP 21A2 (step 3). The institution
which referred the patient was informed about the true
positive result (TT) of the confirmatory diagnostics (step
6).
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NA

*
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1. Name or pseudonym of the patient Name: First name: Pseudonym:
2. Date of birth DD/MM/YYYY
3. Sex [ female O male O diverse
4. Pathway is triggered by (Step 1) [ newborn screening [ Clinical phenotype [ Biomarker
5. Referring institution Name of institution:
Address:
6. Date of first contact DD/MMYYYY:
7. Presumptive diagnosis DD/MM/YYYY: Name of diagnosis/ICD-10/ORPHA:
8. Patient is symptomatic at time of referral OvYes [ONo
9. Case conference: definition of confirmatory diagnostics DD/MM/YYYY: participants:
(Step 2) [ diagnostics as per guideline [ diagnostics as per ad hoc protocol
10. Confirmatory diagnostics (Step 3) start DD/MM/YYYY: completed DD/MM/YYYY:
11. Case conference: evaluation of confirmatory diagnostics DD/MM/YYYY participants:
and necessity of treatment? (Step 4)
12. Specific diagnosis was confirmed (Steps 5, 11, 12) [ Yes, go to item 19 Name and coding of diagnosis
[ No, false positive (F*), go to items 1.24.1 Patient information about diagnosis, 30 point of care for subsequent
treatment, and 33 Information of referring institution
[ No, genetic diagnostics should be considered; go to next item
13. Case conference innovative genetic diagnostics DD/MM/YYYY participants:
Is innovative genetic diagnostics indicated? (Step 13, Step 23) [Yes, go to next item
[ No, diagnosis remains unsolved, go to item 24: Standardized multiprofessionel treatment & care
14. Informed consent innovative diagnostics DD/MM/YYYY:
15. Administration of innovative genetic diagnostics application DD/MM/YYYY: application approved DD/MM/YYYY:
application rejected DD/MM/YYYY:
16. Innovative genetic diagnostics (Step 14) started DD/MM/YYYY: completed DD/MM/YYYY:
17. Case conference: evaluation of innovative genetic diagnostics DD/MM/YYYY: participants:
Specific diagnosis obtained? (Steps 15, 16, 17, 18, 23) [ Yes, go to item 19: Name and coding of diagnosis/diagnoses
[ No, but additional genetic diagnostics should be considered; go to next item
[ No, diagnosis remains unsolved, go to item 24 Standardized multiprofessionel treatment & care
18. Case conference: additional innovative genetic diagnostics DD/MM/YYYY: participants:
Is further special genetic diagnostics indicated? * [ Yes, go to item 14 Informed consent innovative diagnostics
(Step 22, Step 23) [J No, diagnosis remains unsolved go to item 24 Standardized multiprofessionel treatment & care
19. Name and coding of diagnosis/diagnoses DD/MM/YYYY:
Name of diagnosis/ICD-10/ORPHA:
20. Patient was symptomatic at time of diagnosis O Yes O No
21. Therapeutic decision [ treatment [ no treatment [ observation
22. Case conference: Coordination of multiprofessionel DD/MM/YYYY: participants:
treatment & care (Steps 7 or Step 17)
23. Date of start of treatment DD/MM/YYYY:
24. Standardized multiprofessionel treatment & care** (Step 8 or 18)
24.1 Patient information about diagnosis DD/MM/YYYY:
24.2  Patient information diet/special nutrition DD/MM/YYYY: O not applicable/not necessary
24.3 Patient information medications DD/MM/YYYY: O not applicable/not necessary
24.4  Patient education behavioural measures DD/MM/YYYY: O not applicable /not necessary
24.5 Patient education disease monitoring DD/MM/YYYY: [ not applicable/not necessary
24.6 Psychological counselling DD/MM/YYYY: [ not applicable/not necessary
24.7 Socio-legal counselling DD/MM/YYYY: [ not applicable/not necessary
24.8 Genetic counselling DD/MM/YYYY: [ not applicable/not necessary
25. Delivery of emergency pass DD/MM/YYYY: [ not applicable/not necessary
26. Information about research projects DD/MM/YYYY: [ not applicable/not necessary
27. Information about patient registry DD/MM/YYYY: [ not applicable/not necessary
28. Information about patient advocacy group DD/MM/YYYY: [ not applicable/not necessary
29. Information about Alliance for Chronic Rare Diseases DD/MM/YYYY: [ not applicable/not necessary
30. Point of care for subsequent treatment Name of institution:
Address:
31. Case conference: Evaluation of multiprofessional care DD/MM/YYYY: participants:
(Step 9 or 20; Step 10 or Step 20)
32. Evaluation of patient satisfaction with clinical pathway DD/MM/YYYY:
33. Information of referring institution (Step 6 or Step 19) DD/MM/YYYY:
34. Lost-to-follow-Up [OYes DD/MM/YYYY:
35. Patient deceased [ Yes DD/MM/YYYY:

A loop from item 18 back to item 14, and then again down to item 18 may either be implemented in a computer programme or be documented in an additional form
Single items may not be applicable for a specific diagnosis, e.g. not all disorders require dietary treatment or participants may already be well-informed

Fig. 2 The Clinical Pathway as a Checklist (Step numbers refer to the steps in Fig. 1)
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Meanwhile the i.v. hydrocortisone therapy was substi-
tuted for hydrocortisone per os (p.o.), fludrocortisone,
and sodium chloride: Alkindi® 1-1-1 mg (15 mg/m?/d
hydrocortisone granules), Astonin H® 2 x 0.05 mg tab-
lets, sodium chloride solution 10% 5 times 2 ml per day.
The next day (day 21 pp) the medical coordinator of the
centre for rare diseases Heidelberg invited specialists
from paediatric endocrinology, genetics, paediatric radi-
ology, paediatric psychology, and social work for a third
case conference to coordinate multidisciplinary care
(step 7).

A paediatric endocrinologist informed parents about
the diagnosis CAH and the necessity of lifelong treat-
ment and monitoring and trained them how to prevent
adrenal crises by increasing glucocorticoids during inter-
current illness (step 8).

A glucocorticoid injection kit for emergency use was
demonstrated and prescribed, and a personalised emer-
gency pass was handed out (step 8).

The parents were informed about the German patient
organization for CAH [22] and invited to take part in the
German register of CAH AQUAPE-AGS [23] and in local
clinical studies. An experienced paediatric psychologist
offered counselling and support to the family. A social
worker informed about legal health issues for patients
with a chronic disease (step 8).

At day 19 pp, the patient was discharged, and close
outpatient monitoring was initiated. After 5 days of
treatment ACTH 10 pg/ml (norm 10-50), plasma-renin-
activity 6.8 ng/Al/h (4-35), and serum 17OHP 24 ng/dl
(<300) had normalized, only 21DF remained slightly ele-
vated with 45 ng/dl (2-15).

Four weeks after discharge, molecular genetic results
were available revealing a compound heterozygous gen-
otype in the CYP21A2 gene (step 4). A splice site muta-
tion in intron 2 on one allele completely diminished the
enzyme activity. A point mutation in exon 4 of the sec-
ond allele may result in a residual enzyme activity of
2-4%. The parents, both being carriers, received detailed
genetic counselling (step 8).

Six weeks after hospitalization (day 65 pp), the mem-
bers of the third case conference met again for a fourth
case conference (step 9). Based on a checklist established
in the project TRANSLATE-NAMSE, the whole process
of diagnosis and multidisciplinary treatment and care
was carefully evaluated (step 9).

The patient and his family are still followed by the pae-
diatric outpatient clinic Heidelberg, At the age of 2 years
mental and motor development are appropriate for age
(step 10).

Comment: As recommended in the Endocrine
Society Clinical Practice Guideline [21], screening
laboratories employ a two-tier strategy using liquid
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chromatography—tandem mass spectrometry in prefer-
ence to all other methods (e.g., genotyping) to improve
the positive predictive value for congenital adrenal
hyperplasia by a specific and sensitive second test [21].
This can be more cost-efficient and avoids parental stress.
Two-tier screening for CAH [24, 25] has been introduced
in the Heidelberg newborn screening by January 2020,
after the work-up of this patient. Confirmatory diagnos-
tics would have then been recommended immediately
after the initial screening result thereby avoiding the
recall sample.

Case 2: supposed male, born August 2018; presump-
tive diagnosis based on clinical phenotype. Step numbers
in the text refer to the corresponding step in the flow-
chart in figure 1.

Due to preeclampsia the infant of healthy, unrelated
Caucasian parents was delivered by Caesarean section
in the 29+ 2 week of gestation. Postpartum, ambiguous
genitals were obvious with anteverted phallus (length
0.5 cm), perineal hypospadia, unfused scrotum but scro-
tal folds, and undescended gonads (located in the ingui-
nal canal). Associated malformations were anal atresia,
malrotation of the intestine, and atrial and ventricular
septum defects (step 1). To evaluate the presumptive
diagnosis of 46, XY difference of sex development (DSD)
the first case conference, organized by the medical coor-
dinator of the centre for rare diseases Heidelberg on day
1 postpartum (pp) together with a paediatric endocri-
nologist and neonatologist recommended an evaluation
according to the guidelines of DSD [26] (step 2) which
has been carried out immediately (Step 3).

On day 5 pp, a second case conference was organized
by the medical coordinator of the centre for rare dis-
eases Heidelberg. The invited paediatric endocrinologist,
geneticist, and the medical evaluator of the steroid hor-
mone laboratory summarised a male karyotype (46, XY),
no hypogonadotropic hypogonadism, excretion of pre-
mature precursors of the adrenal steroid hormones in
the urine, and male serum levels of anti-Mullerian hor-
mone (AMH) indicating testes (step 4). No Miillerian
structures were visible in pelvic ultrasound. Although the
presumptive diagnosis formulated in step 2 was definitely
true positive (step 5) and 46, XY DSD was confirmed, the
distinct diagnosis was not yet established. The institution
which referred the patient was informed about the true
positive result (T™) (step 6). Additional molecular genetic
analysis, ideally whole exome screening, was recom-
mended (see step 13 below).

The next day, a third case conference was organized by
the medical coordinator of the centre for rare diseases
Heidelberg. Specialists for paediatric endocrinology,
genetics, psychology, paediatric cardiology, paediatric
neurology, paediatric surgery, and social work planned
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Table 1 Numbers of individuals with confirmed presumptive diagnosis, confirmed diagnosis other than presumptive diagnosis,
presumptive diagnosis confirmed as false positive, and numbers of individuals in which a diagnosis remained unsolved

Presumptive diagnosis (PDx) Confirmed Confirmed False positive Diagnosis remained  Row total
diagnosis =PDx diagnosis = PDx* unsolved
Rare anaemia
n 12 2 2 16
Row % 75.0 0.0 125 125 100
Endocrinopathy
n 121 2 16 6 145
Row % 834 14 1.0 4.1 100
Autoinflammatory disorder
n 110 2 49 48 209
Row % 526 1.0 234 23.0 100
Primary immune deficiency
n 73 3 30 56 162
Row % 45.1 1.9 18.5 34.6 100
Inborn error of metabolism
n 46 0 7 2 55
Row % 83.6 0.0 12.7 36 100
Column Total 362 7 104 114 587
Row % 61.7 12 17.7 194 100

" Confirmed diagnoses other than PDx: primary ovarian failure (ORPHA 95710), Behcet disease (ORPHA 117), other autoinflammatory disorder (ORPHA 319719),
familial mediterranean fever (ORPHA 342), MIRAGE-syndrome (ORPHA 494433), chronic fatigue syndrome, Sneddon-syndrome (ORPHA 820)

the multidisciplinary treatment and care (step 7) [27].
Both parents were informed in detail by the paediat-
ric endocrinologist about the 46, XY DSD and the pos-
sibility of ethical counselling, about upcoming cardiac
intervention and lifelong monitoring by the cardiologist,
necessary operations for inguinal hernia and anal atresia
by the paediatric surgeon (step 8). The patient was evalu-
ated by the paediatric neurologist for neurological and
motor development, an experienced paediatric psycholo-
gist evaluated parent’s coping capacities and supported
the family, and a social worker provided information
about legal health issues (step 8). Routine monitoring was
started (steps 9, 10).

Following the recommendation for additional molec-
ular genetics, the paediatric endocrinologist and the
geneticist decided on a trio whole exome sequenc-
ing (trio WES) (step 13). After the parents gave their
informed consent to innovative genetic diagnostics trio
WES was initiated at the age of six month of the patient
(step 14). Result became available three months later,
reporting a heterozygous de novo frameshift mutation in
the PSMD12 gene. Results were evaluated in a case con-
ference organized with the paediatric endocrinologist, a
clinical geneticist, and the geneticist, who performed trio
WES. After intensive literature review and matching all
available information with the phenotype of the patient
they concluded that the detected variant is disease caus-
ing (step 15). At the age of nine month, the diagnosis of

Stankiewicz-Isidor syndrome (OMIM # 617516) [28]
associated with neurodevelopmental disorder, malforma-
tion of the heart, kidney, and genitals was made (step 16).
Extensive genetic counselling was performed (step 17).
The parents were informed about the German patient
organization “Intersexuelle Menschen e.V. [29] as well
as the Kindernetzwerk e.V? [30] and were invited to take
part in local clinical studies (step 18). The referring insti-
tution was informed about the final diagnosis (step 19).
Six weeks later, organized by the medical coordinator
of the centre for rare diseases Heidelberg, multidiscipli-
nary treatment and care was evaluated according to the
checKklist (step 20). The patient was followed-up by mul-
tidisciplinary outpatient monitoring and required cardiac
surgeries were planned (step 21).

Comment: Despite considerable progress in our
knowledge on the genetic basis of human sexual develop-
ment only 50% of 46, XY children with DSD will receive
a definitive diagnosis [31, 32]. The opportunity to per-
form trio WES at the age of nine months resulted in the
confirmation of a Stankiewicz-Isidor syndrome, a rare
condition due to pathologic monoallelic variants in the
PSMDI2 gene, first described in 2017 [28]. The pheno-
type is characterized by variable neurodevelopmental
delay and behavioural impairment. Malformations of the
heart, kidney, genitals, ears, eyes and skeleton (particu-
larly hands and feet) can also occur.
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N=396 -

611
Presumptive Diagnoses

272 (PDx)

PDx confirmed

24
LTFU no/implausible Dx

4

Confirmed Dx # PDx
587
Standard diagnostic
104 procedures

False Positive (F*)

16
Diagnosis remains

unsolved
191

Innovative diagnostic
procedures

PDx, presumptive diagnosis; LTFU, lost to follow-up; Dx, diagnosis
Fig. 3 Sample, diagnostic procedures, and diagnostic outcomes of TRANSLATE-NAMSE

90
PDx confirmed

3
Confirmed Dx # PDx

98
Diagnosis remains
unsolved

Table 2 Initiation of standardized multiprofessional treatment and care and information of disease specific resources in 369
individuals with a confirmed diagnosis in TRANSLATE NAMSE

Executed Not appropriate for condition/not  Missing data
n (%) necessary* n (%)
n (%)
Standardized multiprofessionel treatment and care (CPW checklist item 24)
Referral to further treatment and care 345(93.5) 0(0.0) 24 (6.5)
Information diagnosis 346 (93.8) 02.7) 13(3.5)
Information diet/nutrition 47 (12.7) 308 (83.5) 14 (3.8)
Training for monitoring 215(583) 142 (38.5) 12(3.3)
Information about medication 217 (58.8) 137 (37.1) 15(4.1)
Education for behavioural measures 242 (65.6) 112 (30.4) 15(4.1)
Psychological counselling 144 (39.0) 212 (57.5) 13(3.5)
Social-legal counselling 100 (27.1) 254 (68.8) 15(4.1)
Genetic counselling 92 (24.9) 262 (71.0) 15 (4.1)
Delivery emergency pass 50(13.6) 301 (81.6) 18 (4.9)
Information about disease specific resources (CPW checklist items 26-29)
Information about research projects 130 (35.2) 226 (61.2) 13(3.5)
Information about patient registry 150 (40.7) 204 (55.3) 15(4.1)
Information about patient advocacy group 134 (36.3) 219 (59.3) 16 (4.3)
Information about Alliance for Chronic Rare Diseases 242 (65.6) 104 (28.2) 23(6.2)

" Items may not be appropriate for specific conditions (e.g. emergency pass), individuals may have been already informed or do not wish specific information (e.g.

about participation in a registry)
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From December 2017 to February 2020 611 individuals
have been enrolled. Due to lost to follow-up of 24 cases
the CPW model could be used to effectively manage 587
individuals with a presumptive diagnose of rare amae-
mia, endocrinopathy, autoinflammatory disease, pri-
mary immune deficiency or inborn error of metabolism.
Mean age at first contact was 10.46 years (SD=13.64,
median=5.8, range 0.0-82.9). As shown in Fig. 3, a
definitive diagnosis could be made in 276 from 587 (47%)
patients using standard diagnostic procedures according
to current consensus guidelines. The presumed diagno-
sis turned out to be false positive in 104 (17.7%) cases.
WES was initiated in 191 (32.5%) patients, of whom 93
(48.7%) received a diagnosis, representing 15.8% of all
patients. Overall, diagnosis remained unsolved in 114
cases (19.4%). (Fig. 3 and Table 1). The median dura-
tion from first contact to confirmed diagnostic results
(including false positive findings) for 88 presumptive
diagnoses of the German newborn screening panel (only
endocrinopathies and inborn errors of metabolism) after
standard diagnostic procedures was 3.5 days (Mean abso-
lute deviation about median, MADmedian =16.7) which
was in line with a previous finding of 4 days from the first
report of screening results until the diagnostic confirma-
tion [33]. In contrast for 292 non-screening presumptive
diagnoses median time between first contact and con-
firmed diagnose after standard procedures was 23 days
(MADmedian =36.5). Not surprisingly, median duration
from first contact until confirmed diagnosis after stand-
ard diagnostic procedures followed by WES was 109 days
(MADmedian=97.5), however, ten times longer than
the median of 10.0 days (MADmedian=29.2) for stand-
ard diagnostic procedures alone. Clinical conferences
decided that 309 (83.7%) out of 369 patients with a con-
firmed diagnosis should be treated. Table 2 reports the
elements of standardized multiprofessional treatment
and care (CPW checklist item 24) which have been exe-
cuted according to appropriateness for the particular
condition (e.g. not all conditions are treated with a diet
or require an emergency pass) and patients’/families’
knowledge, skills, and requests (e.g. not all patients want
genetic counselling). Overall, the missing value rate in
our data base is about 4%. From 104 cases with a false
positive presumptive diagnosis information about the
result of confirmatory diagnostic procedures was docu-
mented for 103 individuals. Except from one out of 114
patients whose diagnosis remained unsolved, informa-
tion about the diagnostic outcome and/or referral to
symptomatic care was documented.

Independent evaluations of the results of TRANS-
LATE-NAMSE by the Berlin School of Public Health
(https://bsph.charite.de/en/) and the Center for Evi-
dence-Based Healthcare, University Hospital Dresden
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(https://www.uniklinikum-dresden.de/de/das-klinikum/
universitaetscentren/zegv/center-for-evidence-based-
healthcare/center-for-evidence-based-healthcare) con-
cluded that the implementation of the CPW model was
quality-assured, comprehensive, can be effectively used
to organise care for individuals with a rare disorder, and
that the data model is an appropriate platform for further
clinical research. Therefore, results of the newly devel-
oped structures and processes allow informed politi-
cal decisions and have the potential to be included into
legally regulated standard care.

Discussion

Our approach shares some facets with earlier pathway
models [15, 34, 35] but is unique combining a generic
CPW with available evidence-based guidelines allowing
each discipline to comply with their own specific guide-
lines and granularity of documentation, at the same time
creating the essential intersecting set of information nec-
essary for evidence-based clinical decision-making. Piv-
otal in diagnosis, treatment and care of most rare diseases
is that they require expertise from different medical and
paramedical subspecialities making a holistic approach
compelling [3]. Available disease specific guidelines can
be integrated into the generic CPW during its applica-
tion, but the model also applies to situations where a
diagnosis has not yet been made or standard attempts
to establish a diagnosis will remain inconclusive. Con-
crete actions in the different steps of the generic CPW
are directed by structured interdisciplinary case confer-
ences, the backbone of the CPW model, enforcing inte-
gration of best scientific evidence with clinical experience
[19]. Case conferences are of particularly importance also
for decisions about innovative genetic diagnostics and to
evaluate its results, not only for economic reasons, but
a recent estimate suggested that about 25% of patients
with rare diseases will not obtain a diagnosis with WGS
alone [36]. Even if diagnosis remains unsolved, patients
and families should be informed why this is the case,
what can be but also what should not be done further
on, that novel technologies might bring new results in
the future, and finally be referred to symptomatic treat-
ment and care [37]. The CPW model is directly related to
individual case management [38] and focusses on the two
critical decision nodes. First, a diagnostic result must be
established in due time, and second the patient has to be
placed into a system of appropriate treatment and care.
All case conferences in the two case reports were organ-
ised by a medical coordinator, who should be conceived
as a moderator of disciplines rather than a case manager.
This sounds trivial but deserves consideration, as partici-
pants of multiprofessional conferences may come from
different departments or even institutions. In our project
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most conferences and contacts with patients took place
in person. Telephone or video conferences can save costs
and time, however, will not make face-to-face communi-
cation with patients obsolete [37].

The CPW links actions in a complex system, why it has
recently been suggested to move away from viewing case
management as an intervention which can be evaluated
by classical evaluation techniques [38]. However, a CPW
makes this system projectable for healthcare providers
and healthcare policy, and transparent and understand-
able for patients and families.

For 369 (62.9%) out of 587 individuals with a presump-
tive diagnosis a specific diagnosis could be confirmed,
thereof 276 (74.8%) using standard diagnostic meth-
ods and 93 (25.2%) using innovative diagnostic proce-
dures. Including 104 cases confirmed to be false positive,
the overall diagnostic yield was 80.6%. TRANSLATE-
NAMSE is the first project in which WES was system-
atically used to search for diagnoses in patients with
rare diseases, why historical data for comparison do not
exist. Compared with median diagnostic delays of about
five years reported in the literature [36, 39, 40] our pro-
cess times are much shorter. However, in Germany WES
is not easily available for clinical diagnostics so far. The
CPW model initially was not designed to be applied on a
European level. However, based on the successful imple-
mentation and evaluation, it can be a tool in any national
plan for rare diseases [41], in particular to European Ref-
erence Networks (ERNs), e.g. to ENDO ERN for endo-
crinological disorders, to METAB ERN for inborn errors
of metabolism, and to ERN EuroBloodNet for rare anae-
mias. Application of the CPW model will present a “vir-
tual” registry which in combination with tissue samples
used for the different diagnostic procedures can provide
a rich source for research on rare diseases [42].

Patients at the Heidelberg University Hospital were
offered participation in an pilot project using a person-
alized interinstitutional health and patient record giving
patients as well as their paediatricians and general prac-
titioners remote access to continuously updated data
including the local medical information system [43].
However, a nationwide application will require to solve
significant issues of digital inter-operability and data
protection. On the other hand, the checklist provided
in Fig. 2 can be used as a single electronic form to docu-
ment the steps of the CP'W.

Cost-effectiveness analysis was not in the scope of
a health care project as defined by the German Federal
Joint Committee. (G-BA). Cost-effectiveness will always
depend on the conditions of a particular health care sys-
tem [44], but the CPW model will allow calculation of
costs by pricing each step in a given health system. In our
project experts from various institutions and disciplines
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were refunded according to their contribution by addi-
tional appropriations included in the G-BA grant. It will
be up to the Federal Joint Committee to decide whether
and how to finance new developments and to integrate
them into standard treatment and care.

A CPW model for rare diseases can also meet further
objectives [15, 45]. First, the flowchart can be used to
explain patients and families what they can expect and
give them orientation in the sequence of diagnostic steps.
Second, health care providers only partially involved or
attending specialised treatment and care, like primary
physicians can be informed in an easy but comprehensive
way. Third, the model can be used to teach novices in the
field, combining clinical, scientific, organizational, and
economic facets of diagnosis, treatment and care of rare
diseases.

Conclusions

We suggest a generic clinical pathway (CPW) manoeu-
vring patients with a rare disease from finding the best
diagnostic strategy to establish best treatment and care.
The CPW model can be combined with available dis-
ease specific guidelines but also applies to situations
without a guideline. The backbone of the generic CPW
is a set of structured multidisciplinary case conferences,
projecting and evaluating diagnostic and/or therapeutic
steps, thereby enforcing the integration of best scientific
evidence with clinical experience. The generic CPW is
stated as a flowchart and as a checklist, whereby the latter
can be used for parsimonious documentation but also for
research. The CPW model is a tool to change the diag-
nostic odyssey into an organised route, to inform patients
and families about the stages of their individual route, to
update health care providers only partially involved in
treatment and care, and to train novices in the field.
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