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Abstract. Lachmann G, Heeren P, Schuster FS, Nyvlt
P, Spies C, Feinkohl I, et al. Multicenter valida-
tion of secondary hemophagocytic lymphohistiocy-
tosis diagnostic criteria. J Intern Med. 2025;297:
312–27.

Background:. Five fulfilled hemophagocytic lympho-
histiocytosis (HLH)-2004 criteria, and the HScore
are widely used and recommended by international
expert consensus to diagnose secondary HLH. Both
diagnostic scores have never been validated in
heterogeneous patient cohorts of secondary HLH
patients. We aimed to systematically optimize and
validate diagnostic criteria of secondary HLH using
a multicenter approach.

Methods:. We developed optimized criteria in our
cohort of critically ill patients as a first step. We
next validated these new criteria together with the
original and modified HLH-2004 criteria as well
as the HScore using original data of 13 published
cohorts, which were identified by a systematic lit-
erature search.

Results:. The best performing HLH diagnostic cri-
teria sets over all 13 validation cohorts were the
original HLH-2004 criteria with a decreased cut-off
(cut-off 4, mean sensitivity 86.5%, mean specificity
86.1%), followed by the revised HLH-2004 criteria
(natural killer cell activity removed; cut-off 4, mean
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sensitivity 83.8%, mean specificity 87.8%) and the
HScore (cut-off 169, mean sensitivity 82.4%, mean
specificity 87.6%). Our newly developed HLH diag-
nostic criteria showed inferior performance. Fer-
ritin ≥500 µg/L had 94.0% mean sensitivity over
all cohorts.

Conclusions:. In this first multicenter validation
study, four fulfilled HLH-2004 criteria and an
HScore of 169 were suitable to diagnose sec-
ondary HLH, which will lead to rapid diagnosis and
improved patient outcomes. Ferritin proved as a
reliable HLH screening marker. Our results should
be taken into account in clinical recommendations
and in designing new studies.

Keywords: hemophagocytic lymphohistiocytosis
(HLH), hemophagocytic syndrome (HPS), HLH-

2004 criteria, HScore, macrophage activation syn-
drome (MAS), validation

Abbreviations: aHLH-2004, adjusted HLH-2004
criteria; ASAT, aspartate aminotransferase;
HLH, hemophagocytic lymphohistiocytosis; HPS,
hemophagocytic syndrome; ICU, intensive care
unit; MAS, macrophage activation syndrome; NK,
natural killer; OHI, optimized HLH inflamma-
tory; oHLH-2004, optimized HLH-2004 criteria;
pHLH, primary hemophagocytic lymphohistiocyto-
sis; revHLH-2004, revised HLH-2004 criteria; ROC,
receiver operating characteristics; shHLH-2004,
shortened HLH-2004 criteria; sHLH, secondary
hemophagocytic lymphohistiocytosis; sIL-2R, sol-
uble interleukin-2 receptor

Introduction

Secondary hemophagocytic lymphohistiocytosis
(HLH), also known as macrophage activation
syndrome (MAS) or hemophagocytic syndrome
(HPS), is a rare though potentially life-threatening
immune disorder characterized by uncontrolled
immune activation, inflammation, and organ dam-
age [1] and is associated with high mortality rates
of up to 60% [2]. Due to the nonspecific nature of its
symptoms and the lack of a single diagnostic test,
diagnosis of HLH is challenging as rather complex
parameters are applied. This contributes to a high
rate of undiagnosed HLH cases, which is reported
to be 78% in adult critically ill patients [1].

The HLH-2004 criteria, developed by the Histio-
cyte Society, are widely used and recommended
by international expert consensus to diagnose sec-
ondary HLH [3]. They consist of a combination of
clinical and laboratory findings, of which 5 out of
8 or a molecular diagnosis consistent with HLH
needs to be fulfilled in order to confirm the diagno-
sis [3, 4]. They were recently revised for the diagno-
sis of primary HLH (pHLH): Natural killer (NK) cell
activity was removed, and consequently, 5 out of
7 criteria need to be fulfilled [5]. Originally, these
criteria, established by the Histiocyte Society HLH-
2004 study group, were intended to be used in a
clinical research setting in children [6]. The cut-offs
initially relied on expert consensus but have now
been confirmed in a data-driven study based on a

large number of cases and controls [5]. However,
no validation of the HLH-2004 criteria has been
performed in secondary HLH patients yet. In addi-
tion, the HLH-2004 criteria’s applicability is limited
by the fact that some parameters included in the
criteria are not routinely available in all hospitals
(e.g., NK cell activity, soluble interleukin-2 receptor
[sIL-2R]), which can contribute to delayed diagno-
sis. The eponymous hemophagocytosis requires an
invasive procedure and a high level of expertise [7].
It has also been argued that the HLH-2004 criteria
lack sensitivity, particularly in early stage HLH, as
some criteria will occur—if at all—only during the
disease course (e.g., hemophagocytosis) [8].

The HScore has been proposed as an alternative
approach to diagnose secondary HLH in adults.
Fardet et al. [9] developed a diagnostic scoring
system by which the probability of HLH is cal-
culated based on several clinical and laboratory
parameters. However, when interpreting a patient’s
HScore, it needs to be considered that this value
has to be seen in relation to the original cohort
in Fardet’s study. Of note, the majority of patients
included in the original study population had infec-
tions or malignancies as underlying diseases, lim-
iting the applicability of the HScore in patients with
autoimmune/autoinflammatory-triggered HLH [9].
Therefore, it has already been suggested to modify
the HScore according to the respective population
of interest [10]. In a recent retrospective multicen-
ter study, Zoref-Lorenz et al. [11] presented a new
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tool, the optimized HLH inflammatory (OHI) index,
for early HLH detection using the combination of
sIL-2R and ferritin. The authors increased the cut-
offs of both parameters and thereby achieved sensi-
tivity and specificity of 84% and 81%, respectively,
to accurately identify HLH in patients with hema-
tologic malignancies [11].

Previous studies sought to analyze the perfor-
mance of both HLH-2004 criteria and HScore in
different retrospective cohorts with overall satisfy-
ing results [10, 12–15]. Sensitivity and specificity
for five fulfilled HLH-2004 criteria to diagnose HLH
ranged from 70% to 91% and 93% to 99%, respec-
tively [10, 12–15]. As for the HScore, the authors
mostly reported thresholds lower than the sug-
gested score of 169 by the original publication [9,
10, 15]. Of note, all previous investigations were
retrospective in nature and contained a consid-
erable risk of bias due to the amount of missing
data. Moreover, both the HLH-2004 criteria and the
HScore have never been validated in heterogeneous
patient cohorts of secondary HLH patients. There-
fore, we aimed to systematically optimize and val-
idate diagnostic criteria of secondary HLH using a
multicenter approach.

Methods

Inhouse optimization of HLH diagnostic criteria

The basis of our optimizing process (Fig. S1) was
the dataset of our previously published study [15,
16] containing 2623 adult critically ill patients,
of whom 40 were diagnosed with secondary HLH
[17]. Within the study, all clinical variables of non-
HLH patients were recorded on the day of maxi-
mum ferritin or extended to a defined time range
if not assessed on the respective day. For HLH
patients, the respective most pathological clinical
values during the entire intensive care unit (ICU)
stay were used. We trained a model on this dataset
to systematically optimize diagnostic criteria. First,
we optimized the specific cut-offs of each single cri-
terion of the original HLH-2004 criteria (Table S1),
resulting in optimized HLH-2004 criteria (oHLH-
2004) (oHLH-2004). Next, we created new sets of
HLH diagnostic criteria (each numbered Iteration
X), for which we modified HLH-2004 criteria based
on clinical experience and availability (Table 1). For
each iteration, optimal cut-offs were determined for
every single criterion, with corresponding optimal
numbers of fulfilled HLH diagnostic criteria. The
best performing iterations to diagnose HLH within
our dataset were selected for validation.

Acquisition of validation cohorts

For the acquisition of suitable validation cohorts,
we conducted a systematic literature search
of the MEDLINE (PubMed) database. We used
the following search term to retrieve broad
results: ((“hemophagocytic lymphohistiocytosis”)
OR (“haemophagocytic lymphohistiocytosis”) OR
(“haemophagocytic syndrome”) OR (“hemophago-
cytic syndrome”) OR (“macrophage activation syn-
drome”)) AND ((“study”) OR (“studies”)). To obtain
a suitable sample size for validation, all origi-
nal studies reporting ≥10 HLH patients among
≥100 patients of all ages were included (“valida-
tion datasets”). Studies of only HLH patients were
not considered. Corresponding authors were con-
tacted and asked to provide variables of inter-
est of their data (diagnosed HLH, hepatomegaly,
splenomegaly, known underlying immunosuppres-
sion, core body temperature, ferritin, sIL-2R,
triglycerides, fibrinogen, hemoglobin, thrombo-
cytes, leukocytes, hemophagocytosis in bone mar-
row or spleen or lymph nodes, reduced NK cell
activity, and aspartate aminotransferase [ASAT]),
of which the most pathological values regarding
HLH were requested. As our cohort [15] had a
missing data rate of 31.0% of the 15 variables
of interest, we excluded all cohorts that exceeded
31.0% of missing data. Patients with pHLH were
removed from the original datasets. To ensure sci-
entific quality, we did not request HLH-2004 cri-
teria and HScore from the original cohorts but
recalculated them using the same algorithm for all
cohorts. Fever was defined as core body tempera-
ture ≥38.3°C [18], and leukopenia was defined as
leukocyte count <1.67/nL [15] for this purpose.

Validation of original, modified and our newly developed
HLH diagnostic criteria sets

For validation, we considered the original HLH-
2004 criteria [4], adjusted HLH-2004 crite-
ria (aHLH-2004): cut-offs adjusted to ferritin
≥3000 µg/L and core body temperature ≥38.2°C
[15], oHLH-2004, revised HLH-2004 criteria
(revHLH-2004): NK cell activity removed [5],
shortened HLH-2004 criteria (shHLH-2004):
hemophagocytosis and NK cell activity removed,
HScore [9] (Table S2), OHI index (positive for
sIL-2R > 3900 U/mL and ferritin > 1000 µg/L)
[11], and best performing iterations within our
dataset. As ferritin and sIL-2R are biomarkers of
interest in HLH diagnosis, these were also ana-
lyzed separately for validation. All HLH diagnostic
criteria sets and biomarkers were tested in each
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single validation cohort, of which the best sets to
discriminate between HLH and non-HLH patients
were determined.

As a post hoc analysis, we analyzed the perfor-
mance of ferritin as HLH screening marker.

Statistical analysis

Descriptive statistics are shown as median ± quar-
tiles or count with percentage, respectively. Cal-
culation of optimal cut-off combinations and cor-
responding optimal numbers of fulfilled diagnos-
tic criteria was done by using an exhaustive grid
search method for cut-off optimization in our
dataset to systematically narrow down optimal cut-
offs: First, a cut-off range for each HLH-2004 crite-
rion was determined considering the minimum and
maximum values of the 40 HLH patients. Each cut-
off range was divided into 10 equal parts, resulting
in a set of 10 cut-offs for each criterion (Table S3).
Second, receiver operating characteristics (ROC)
analyses with HLH diagnosis as outcome variable
and the number of fulfilled HLH-2004 criteria as
test variable were performed for all cut-off combi-
nations. The highest Youden’s indices determined
the optimal cut-off combinations and the corre-
sponding optimal number of fulfilled HLH-2004
criteria. Third, new cut-off ranges for each HLH-
2004 criterion were created considering the cut-
off combinations with Youden’s index ≥0.97 of the
previous step, the distribution of the respective val-
ues of HLH and non-HLH patients, and the clinical
meaningfulness. Each new cut-off range was again
divided into 10 equal parts, resulting in a new set
of 10 cut-offs for each criterion (Table S4). Fourth,
Step 2 was repeated with optimized cut-offs from
Step 3, resulting in oHLH-2004. This step was also
repeated for all iterations to determine their opti-
mal cut-off combinations and their correspond-
ing optimal number of fulfilled HLH diagnostic cri-
teria. Best performing iterations (Youden’s index
≥0.975) were considered for validation. If one iter-
ation showed more than one optimal cut-off combi-
nation with equal Youden’s indices, the combina-
tion closest to the original HLH-2004 criteria was
used.

For validation, accuracy, sensitivity, specificity, as
well as positive and negative predictive values were
determined by ROC analyses with HLH diagnosis
as outcome variable. All considered HLH diagnos-
tic criteria sets were tested in each single validation
cohort. A Youden’s index mean among all valida-

tion cohorts was calculated for each set of diag-
nostic criteria to determine the best performing
set. A sign test was used to indicate whether the
alternative criteria were significantly inferior com-
pared to the best performing criteria. As a sen-
sitivity analysis, we rerun all validation analyses
again for patients who had at least 5 or 6 obtained
HLH-2004 criteria in their dataset, respectively, to
reduce the missing data bias (Tables S5 and S6,
respectively). Another sensitivity analysis was con-
ducted for cohorts with HLH diagnosis based on
expert review (Table S7).

Ferritin was evaluated using ROC analyses with
HLH diagnosis as outcome variable. SPSS Statis-
tics, version 26.0 software (IBM Corporation,
Armonk, NY, USA), and The R Statistical Software
(version 3.6.3) were used for the analysis. For the
calculation of prediction performance measures,
the caret package (version 6.0–86) was used. A p-
value < 0.05 was considered statistically signifi-
cant.

Ethics

Ethics approval was obtained from the institutional
review board (Ethikkommission der Charité—
Universitätsmedizin Berlin, EA1/176/16). The
study was registered with www.ClinicalTrials.gov
(NCT02854943) on August 1, 2016.

Results

Performance of our newly developed HLH diagnostic
criteria sets within our dataset

Patient and outcome characteristics of our dataset,
including diagnosis findings by expert consensus,
were previously described in detail [15–17]. oHLH-
2004, as well as our newly developed HLH diag-
nostic criteria sets with best cut-off combinations
and quality criteria within our dataset, are shown
in Table S8. Iteration 13, with a cut-off of 7 ful-
filled criteria, showed the best performance in our
dataset (sensitivity 100%, specificity 99.3%). The
best performing iterations chosen for validation
were iterations 1, 2, 5, 6, 8, 11, 12, and 13.

Acquisition and characteristics of the validation cohorts

We received the requested data from 17 studies,
of which 13 were suitable as validation cohorts
(Fig. 1). Of these, two cohorts reported ICU patients
only (Meena et al. [14] and Debaugnies et al. [19]).
Characteristics of the validation cohorts are shown
in Table 2. Table S9 describes the requested data

316 © 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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Fig. 1 Flowchart of study selection.
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and missing data rates of the cohorts in detail.

Validation of original, modified, and our newly
developed HLH diagnostic criteria sets and biomarkers

Table 3 shows Youden’s indices between original,
modified, and our newly developed HLH diagnostic
criteria sets as well as biomarkers for all validation
cohorts. Corresponding quality criteria are shown
in Table S10. Depending on Youden’s index mean,
the best performing HLH diagnostic criteria sets
over all validation cohorts were the original HLH-
2004 criteria with a decreased cut-off of 4 com-
pared to the original cut-off of 5 fulfilled HLH-2004
criteria (mean sensitivity 86.5%, mean specificity
86.1%), followed by the revHLH-2004 (4 fulfilled
criteria as cut-off, mean sensitivity 83.8%, mean
specificity 87.8%) and the HScore (169 as cut-off,
mean sensitivity 82.4%, mean specificity 87.6%).
Except for aHLH-2004, revHLH-2004 (4 fulfilled
criteria as cut-off), and the HScore (168 and 169 as
cut-offs), all diagnostic criteria sets and biomark-
ers performed inferior compared to the HLH-2004
criteria (4 fulfilled criteria as cut-off) in sign test,
that is also HLH-2004 criteria and revHLH-2004
with the original cut-offs of 5 fulfilled criteria. When
only ICU cohorts were considered, revHLH-2004 (3
fulfilled criteria as cut-off, mean sensitivity 96.5%,
mean specificity 86.4%), HScore (168 or 169 as
cut-off, mean sensitivity 86.5%, mean specificity
94.7%), original HLH-2004 criteria with a cut-off
of 4 instead of the original 5 fulfilled criteria and
revHLH-2004 (both: 4 fulfilled criteria as cut-off,
mean sensitivity 77.2%, mean specificity 95.1%)
showed best performance. Iteration 1 (5 fulfilled
criteria as cut-off, mean sensitivity 60.8%, mean
specificity 95.6%) was the best of our newly devel-
oped HLH diagnostic criteria sets over all validation
cohorts but showed inferior performance compared
to the original and modified HLH-2004 criteria as
well as the HScore. Optimal ferritin cut-offs ranged
between 202 and 6843 µg/L, whereas 9083 µg/L as
cut-off showed moderate performance only in ICU
cohorts (mean sensitivity 60.7%, mean specificity
97.6%). sIL-2R and OHI index both had only low
Youden’s index mean. Our results were confirmed
by sensitivity analyses for patients of at least 5 or 6
obtained HLH-2004 criteria, respectively, and also
for cohorts with HLH diagnosis based on expert
review (Tables S5–S7).

Evaluation of ferritin as HLH screening marker

Six out of 13 validation cohorts reported HLH
patients with ferritin< 500 µg/L (“Ferritin-negative

HLH”), which showed rates between 1.3% and
34.8% (Table 2). None of the ICU cohorts comprised
ferritin-negative HLH patients. Sensitivities of dif-
ferent ferritin cut-offs to diagnose HLH are shown
in Table S11. Highest ferritin cut-offs with sensi-
tivity of 100% ranged between 15 and 1018 µg/L
over all validation cohorts, as well as between 533
and 794 µg/L over ICU cohorts. A ferritin cut-off
of 500 µg/L showed high mean sensitivity over
all (94.0%) and ICU (100%) cohorts. When fer-
ritin cut-off was decreased to 400 or 300 µg/L,
mean sensitivity slightly increased over all cohorts
(95.4% and 97.0%). Raising ferritin cut-off to 1000
or 3000 µg/L markedly decreased mean sensitivity
over all and ICU cohorts, respectively.

Discussion

This is the first multicenter study that aimed to
optimize and validate diagnostic criteria in hetero-
geneous cohorts of secondary HLH patients. We
developed new sets of criteria, which showed excel-
lent performances in our cohort of 2623 adult crit-
ically ill patients and validated these together with
the original and modified HLH-2004 criteria as well
as the HScore in 13 different cohorts of secondary
HLH patients, which were identified by a system-
atic literature search and which we received origi-
nal data on. We found that the original HLH-2004
criteria with a decreased cut-off of four fulfilled cri-
teria was the best performing HLH diagnostic cri-
teria set over all validation cohorts, followed by
revHLH-2004 and an HScore of 169 as a cut-off.
In the two ICU cohorts, revHLH-2004, HScore, and
original HLH-2004 criteria showed the best perfor-
mance. Our newly developed HLH diagnostic cri-
teria, as well as sIL-2R and OHI index, performed
inferior over all validation cohorts. Optimal ferritin
to diagnose HLH showed a wide range between the
cohorts. A ferritin cut-off of 500 µg/L had 94.0%
mean sensitivity over all cohorts.

In previous analyses, we could demonstrate that
fulfilling four HLH-2004 criteria is optimal for HLH
diagnosis in critically ill patients [15]. HLH-2004
criteria have originally been adopted from pediatric
populations without having been validated in an
adult cohort. In the original HLH-2004 criteria,
HLH is formally diagnosed with five positive out of
eight criteria. In the present study, we performed
a multicenter validation of the HLH-2004 criteria
with satisfying mean sensitivity (86.5%) and mean
specificity (86.1%) over both ICU and non-ICU
cohorts for a decreased cut-off of 4 compared to

320 © 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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the original cut-off of 5 fulfilled HLH-2004 criteria,
as currently recommended [3]. The better overall
performance, according to Youden’s index, sug-
gests that the considerable increase in sensitivity
is not outweighed by the decrease in specificity,
compared to a cut-off of 5. The importance of early
detection and the consequences of intervening, if
not necessary, may, of course, be very dependent
on the clinical situation and the condition of
interest.

Omission of NK cell activity resulted in only minor
worse results compared to the original HLH-2004
criteria (4 fulfilled criteria as cut-off, mean sen-
sitivity 83.8%, mean specificity 87.8%). This is
in accordance with the recently revHLH-2004 for
the diagnosis of pHLH, where removing NK cell
activity led to a slight decrease in sensitivity and
a slight increase in specificity, at least for a cut-off
of 5 fulfilled criteria [5]. The revHLH-2004 requires
5 fulfilled criteria to diagnose pHLH, whereas we
found a cut-off of 4 better performing for diagnosis
of secondary HLH.

A total of 13 cohorts included in our analyses
comprised both children and adult secondary HLH
patients with hematologic malignancy (e.g., lym-
phoma), rheumatologic disease (e.g., adult-onset
Still’s disease, systemic lupus erythematosus)
and infections such as visceral leishmaniasis and
Epstein–Barr virus infection. Until now, five ful-
filled criteria were always recommended, but our
current systematic validation provides support
for a secondary HLH diagnosis as soon as the
cut-off of 4 is reached. This will lead to a more
rapid diagnosis by easily available criteria with
consecutive improved outcomes. Timely diagnosis
is crucial for survival [28]; thus, mortality may be
further reduced.

Considering only ICU cohorts, the HLH-2004
criteria with a cut-off of 4 performed slightly
worse (mean sensitivity 77.2%, mean specificity
95.1%) than in the entire cohort. Still, overall
they were very good, which is why they can also
be used safely in ICU patients. Remarkably, the
revHLH-2004 (without NK cell activity) with a
cut-off of 3 performed best over the ICU cohorts
(mean sensitivity 96.5%, mean specificity 86.4%).
However, we would interpret these findings cau-
tiously as in our experience, three positive criteria
can be reached rather quickly without HLH being
present. Moreover, only two sole ICU cohorts were
considered.

The results of the original HLH-2004 criteria also
performed better when compared to the modified
HLH-2004 criteria, albeit narrowly, as well as to
our newly developed criteria. The inferior perfor-
mance of our newly developed criteria may be due
to being developed in our very specific, severely ill
cohort at a tertiary care center, and also due to
overfitting bias as we only have 40 HLH patients
in our large cohort of 2623 patients. Whether they
show good performance in other cohorts of severely
ill patients needs further investigation. Addition-
ally, further studies should investigate better
performing diagnostic criteria by an improved
statistical method, a larger dataset of several less
heterogeneous cohorts, and an advanced machine
learning approach.

In addition to the HLH-2004 criteria, we were
also able to validate the HScore, although
the HScore was developed in a retrospective
cohort with almost no patients having autoim-
mune/autoinflammatory triggered HLH [9]. The
present 13 cohorts with a diverse patient pop-
ulation provided a good basis for validating the
HScore and the HLH-2004 criteria for a broad pop-
ulation of children and adult patients. Although
HLH-2004 criteria performed in some extent better
than the HScore in the total cohort, the HScore
cut-off of 169 still showed a good mean sensitiv-
ity (82.4%) and mean specificity (87.6%). In the
ICU cohorts, it was even slightly better (mean
sensitivity 86.5%, mean specificity 94.7%) than
the original HLH-2004 criteria with a reduced
cut-off of 4. It can therefore also be used safely to
diagnose secondary HLH.

In our previous study of critically ill patients [16],
we had identified a ferritin cut-off of 9083 µg/L with
a sensitivity of 92.5% and a specificity of 91.9%
as best predicting for secondary HLH diagnosis in
critically ill patients. Within the validation cohorts,
optimal ferritin cut-offs varied widely between 202
and 6843 µg/L. The cut-off of 9083 µg/L per-
formed inferior in the overall cohort, however,
slightly better in the ICU cohorts (mean sensi-
tivity 60.7%, mean specificity 97.6%). It may be
hypothesized that the more severely ill the patients
are, the higher the respective ferritin cut-off will
be. Therefore, according to our results, ferritin
alone may not be used for HLH diagnosis but
proved as a reliable HLH screening marker using
the cut-off of 500 µg/L from the original HLH-
2004 criteria, of which we showed good mean sen-
sitivity over all (94.0%) and ICU (100%) cohorts,
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respectively. Interestingly, ferritin-negative HLH
(ferritin < 500 µg/L) was seen in six cohorts with
ratios between 1.3% and 34.8%. It has previously
been reported that 10% of HLH patients present
with ferritin < 500 µg/L [29]. Importantly, in daily
practice, HLH in patients without elevated fer-
ritin also needs consideration. Unfortunately, sIL-
2R was only determined in nine cohorts. Over-
all, it performed also inferior in our analysis, just
like the recently published OHI index, which, how-
ever, showed good performance for the detection
of hematologic malignancy-associated HLH in a
recent study [11]. Therefore, both sIL-2R and OHI
index should neither be used for the sole diag-
nosis of secondary HLH nor as an HLH screen-
ing parameter, at least in general patient pop-
ulations. However, in more specific populations
and based on unique triggers, MAS criteria [30],
macrophage activation-like syndrome criteria [31],
immune-effector-cell-associated HLH criteria [32],
as well as the OHI index [11] may be valuable early
indicators for the most specific diagnosis and ther-
apy possible.

According to current recommendations, HLH
should be diagnosed in conjunction with clinical
judgment and patient history [3]. We therefore
recommend that an assessment of the need for
HLH-specific therapy should be focused on the
clinical course, that is, a patient who meets the
criteria but does not improve despite adequate
anti-infective treatment is very likely to require
HLH-specific therapy. On the other hand, patients
fulfilling HLH-2004 criteria who improve clini-
cally by adequate trigger treatment usually do
not require HLH therapy. Therefore, the question
should not be whether the patient has HLH, but
whether the patient needs HLH-specific therapy.

Several limitations of the present study deserve
consideration. First of all, this is a retrospective
analysis of existing data. Only 3 [10, 12, 14] out of
the 13 validation cohorts studied the performance
of the HLH-2004 criteria. However, in each of
these studies, a cut-off of 4 fulfilled HLH-2004
criteria also performed better compared to 5 ful-
filled HLH-2004 criteria. Second, as HLH is a rare
disease, our dataset was highly unbalanced, with
40 HLH and 2583 non-HLH patients, leading to a
high risk of overfitting bias. Third, we depended on
the authors to provide their data. Unfortunately,
151 did not reply or send any data; only 4 had
incomplete datasets (more than 31% of missing
values). Missing data may also have contributed

to bias: the overall missing data rate varied from
1.6% to 30.0% between the 13 validation cohorts,
with partially missing complete parameters. How-
ever, our results were supported by sensitivity
analyses for patients of at least five or six obtained
HLH-2004 criteria, respectively. Fourth, of the 13
cohorts included, only 4 were prospective studies.
Furthermore, the datasets provided were markedly
heterogeneous in terms of ages, underlying dis-
eases, patient populations, inclusion criteria, HLH
prevalence, regions, and what “standard” is used to
adjudicate HLH diagnosis (HLH-2004 criteria ver-
sus expert consensus). Moreover, the distributions
of variables were rather different. This fact might
limit the applicability of our results. However,
including heterogeneous patient cohorts for vali-
dation ensures that a broad spectrum of patients
is represented. Finally, the diagnosis of HLH was
based on the HLH-2004 criteria in seven cohorts,
which, of course, may have biased our results
towards a favorable performance of the HLH-2004
criteria. In addition, validation of HLH diagnostic
criteria was done based on HLH patients, who were
initially diagnosed by then unvalidated HLH-2004
criteria, at least partially, when no HLH expert
review was performed. However, our results were
confirmed by a sensitivity analysis for cohorts
with HLH diagnosis based on expert review, which
should have reduced this bias.

Conclusions

In this first multicenter validation study, we found
that the original HLH-2004 criteria with a reduced
cut-off of 4 compared to the original and recom-
mended cut-off of 5 fulfilled HLH-2004 criteria
were the best performing HLH diagnostic criteria
set over all validation cohorts (mean sensitivity
86.5%, mean specificity 86.1%), followed by the
revHLH-2004 (4 fulfilled criteria as cut-off, mean
sensitivity 83.8%, mean specificity 87.8%) and the
HScore (169 as cut-off, mean sensitivity 82.4%,
mean specificity 87.6%). Our newly developed HLH
diagnostic criteria showed inferior performance
over all validation cohorts, which might be due
to the very specific developmental cohort of most
severely ill adult patients. Overall, we found a new
cut-off of the HLH-2004 criteria, which will lead to
rapid diagnosis and improved patient outcomes.
Four fulfilled HLH-2004 criteria and an HScore of
169 were suitable to diagnose secondary HLH. A
ferritin cut-off of 500 µg/L proved as a reliable HLH
screening marker. Given that the present study is
the first formal validation of the HLH-2004 criteria
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in secondary HLH, our results should be taken
into account in clinical recommendations and in
designing new studies.
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Table S1. HLH-2004 criteria to diagnose HLH
based on Henter et al. [4].

Table S2. HScore based on Fardet et al. [9].

Table S3. Cut-off ranges including 10 cut-offs for
each criterion, first step of exhaustive grid search
method for cut-off optimization.
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Table S4. Narrowed down cut-off ranges including
10 cut-offs for each criterion, third step of exhaus-
tive grid search method for cut-off optimization.

Table S5. Validation of original, modified and our
newly developed HLH diagnostic criteria sets and
biomarkers (Sensitivity analyses for patients of at
least 5 obtained HLH-2004 criteria).

Table S6. Validation of original, modified and our
newly developed HLH diagnostic criteria sets and
biomarkers (Sensitivity analyses for patients of at
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newly developed HLH diagnostic criteria sets and
biomarkers (Sensitivity analyses for cohorts with
HLH diagnosis based on expert review).

Table S8. Best cut-offs and quality criteria of HLH
diagnostic criteria sets within our dataset.

Table S9. Detailed description of requested data
and missing data rate of the validation cohorts.

Table S10. Validation of original, modified, and our
newly developed HLH diagnostic criteria sets and
biomarkers (with quality criteria).

Table S11. Sensitivities of different ferritin cut-offs
to diagnose HLH.

Fig. S1. Optimizing strategy.
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