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Factors associated

with hematological adverse
reactions of drugs authorized
via the centralized procedure

Ivana Stevi¢'™, Slobodan M. Jankovi¢?, Andrijana Milosevi¢ Georgiev?,
Valentina Marinkovi¢! & Dragana Laki¢!

Serious hematological adverse drug reactions (HADRs) may lead to or prolong hospitalization

and even cause death. The aim of this study was to determine the regulatory factors associated

with HADRSs caused by drugs that were authorized up to July 2023 by the European Medicines
Agency (EMA) and to evaluate the frequency of HADRs. Using a cross-sectional approach, the type
and frequency of HADRs were collected from the Summaries of Product Characteristics of Drugs
Authorized by the EMA and analyzed within proprietary, nonproprietary, and biosimilar/biological
frameworks. Multivariate statistical analysis was used to investigate the associations of generic
status, biosimilar status, conditional approval, exceptional circumstances, accelerated assessment,
orphan drug status, years on the market, administration route, and inclusion on the Essential
Medicines List (EML) with HADRSs. In total, 54.78% of proprietary drugs were associated with HADRs
at any frequency, while anemia, leucopenia, and thrombocytopenia were observed in approximately
36% of the patients. The predictors of any HADR, anemia, and thrombocytopenia of any frequency
are generic status, biosimilar status, and inclusion on the EML, while the only protective factor is the
administration route. Biosimilars and their originator biologicals have similar frequencies of HADRs;
the only exception is somatropin. Knowledge of the regulatory factors associated with HADRs could
help clinicians address monitoring issues when new drugs are introduced for the treatment of patients.
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An adverse drug reaction (ADR) is defined as “a response to a medicinal product which is noxious and unin-
tended”; when considering ADRs, a causal relationship to a drug is at least a reasonable possibility’. If hema-
tological adverse drug reactions (HADRs) are not a consequence of the main mechanism of action of a drug
(A-type ADRs), they are unexpected ADRs (i.e., B-type ADRs)*. However, regardless of the mechanism of action,
HADREs are usually severe, leading to hospitalization or prolonged hospitalization. A single cell line (e.g., anemia),
multiple cell lines, or all bone marrow cell lines (e.g., pancytopenia) could be affected, leading to varying severity
in terms of the patient’s condition, prolonged hospitalization, and potentially death. Although the prevalence of
HADRSs is expected to increase with the use of chemotherapeutics—which directly block the multiplication of
cells with a short lifecycle (e.g., the prevalence of anemia varies between 30 and 85%)—HADRs associated with
nonchemotherapeutics are different, as they affect bone marrow cell lines and blood cells themselves through a
variety of mechanisms, which have not been sufficiently studied*~’.

It is estimated that ADRs account for 0.9-7.9% of hospitalizations and are the fifth most common cause of
death®’. One study showed that 9.01% (4/44) of ADR-related hospital admissions were due to hematological
disorders, while another study reported a rate of 26.5%; however, there are no precise data in the literature on the
overall frequency of HADRs*!°. The true prevalence of ADRs to nonchemotherapeutics can only be established
after the drug is granted marketing authorization (MA) and is used for many years. As a rule, ADRs are not
reported during clinical trials in the preregistration phase due to the very low incidence of adverse effects (AEs)
within clinical development programs'*!2. As a drug is on the market for a longer period of time, postmarketing
surveillance is performed, including but not limited to postauthorization safety studies (PASSs), spontaneous
reports, or monitoring real-world data; furthermore, the drug’s Summary of Product Characteristics (SmPC)
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is updated with new data on all ADRs, including HADRs!""3. Therefore, as a rule, it is more risky to use drugs
that are relatively new on the market in clinical practice. Drugs authorized via centralized procedures by the
European Medicines Agency (EMA) are, in most cases, innovative drugs, orphan drugs, biosimilars, drugs with
conditional approval, or other drugs that have been on the market for a short amount of time'. To help clinicians
grasp the risks of HADRs when using some of the drugs authorized by the EMA, it would be useful to classify
all these drugs by the degree of risk of HADRs.

Therefore, the present study aimed to evaluate the frequency of HADRs among drugs authorized through a
centralized procedure and to determine the regulatory factors associated with HADRSs.

Methods

The study used a cross-sectional design. The units of observation were drugs authorized for human use by the
centralized procedure in the European Union (EU). Three datasets were created: (1) brand (trade)-name drugs,
(2) international nonproprietary name (INN) drugs, and (3) biosimilars and their originator biologicals (hereafter
referred to as biologicals). These three datasets were considered separately because ADRs are mostly reported for
INN drugs, while for biologicals and biosimilars, ADR reporting also demands trade names''. Considering that
most drugs are prescribed by trade name in clinical practice, we performed an analysis at this level, including
all authorized MAs for all drugs. Initially, the EMA table of all European Public Assessment Reports (EPARs)
on all drugs authorized via centralized procedures were downloaded, with a cutoff date of 30 June 2023'5. This
table provides regulatory data on drug category, trade/brand name, therapeutic area, INN, active substance, MA
number, authorization status, ATC code, whether a product is additionally monitored, whether it is generic or
biosimilar, whether it has conditional approval or not, whether it is authorized in exceptional circumstances via
accelerated assessment, whether it is an orphan drug, MA date, MA holder, pharmacotherapeutic group, and
condition/indication.

Additionally, in our datasets, we added information on the administration route and whether drugs were on
the World Health Organization (WHO) Essential Medicines List (EML)'®”. The detailed workflow is provided
in Fig. 1. For all included drugs, the HADR data were taken from part 4.8 of the SmPC, considering not only the
HADR type but also its frequency.

The incidence of any HADRs, anemia, leucopenia, and thrombocytopenia were considered dependent vari-
ables or outcomes of this study. The independent variables for the purpose of this study were additional monitor-
ing, generic status, biosimilar status, conditional approval, exceptional circumstances, accelerated assessment,
orphan drug, years on the market (calculated from authorization date until dataset cutoff date), route of admin-
istration, and WHO EML.

The data were initially analyzed descriptively using rates and percentages. Then, multivariate binary logistic
regression was used to reveal independent variables associated with the study outcomes. The regression models
were built using the backward conditional deletion method, and the quality of the final models was verified by
the Hosmer and Lemeshow test, Cox & Snell R?, and Nagelkerke’s R% The TREE procedure creates a tree-based
model. It classifies cases into groups or predicts values of a dependent variable based on values of predictor
variables. The procedure provides validation tools for exploratory and confirmatory classification analysis. Sig-
nificant predictors identified by logistic regression were then used to create decision tree models that classify
drugs according to the risk for HADR by creating decision rules.

The results were considered statistically significant if the probability of the null hypothesis was 0.05 or less.
The statistical analysis was conducted using IBM SPSS v.29'8,

Results

The initial number of MAs in the EMA dataset was 2008. After the exclusion of veterinary drugs (n=282) and
unauthorized (withdrawn, refused) drugs (n=377), the number of valid MAs for human use included in the
statistical analysis was 1349, with 883 unique INNs. When the HADR frequency differed for the same INN
(e.g., for different trade names or administration routes), both values were included. The average time from MA
approval until study onset for drugs authorized by the EMA was 9.91+6.97 years (0.07-27.93, median 6.96),
while for biosimilars and their biologicals, it was 6.01 and 19.08 years, respectively.

In the following sections, we provide detailed results for MA, INN, biosimilars, and their biologicals.

Analysis of brand-name drugs

Almost the same number of drugs are administered enterally (47.52%) or parenterally (47.59%), while the
number of locally administered drugs is much lower (3.19%). One-quarter of all MAs were under additional
monitoring, with HADR occurring at any frequency in 47.63% of cases, and at least 30% of cases were anemia,
leucopenia, or thrombocytopenia. One-fifth of the drugs were either generic or biosimilar, while one-tenth of
the centrally authorized drugs were intended to treat rare diseases. Almost 30% of all MAs were on the WHO
EML. Approximately 3% of all MAs were authorized under conditional approval, exceptional circumstances, or
through an accelerated procedure.

More than half of the drugs (54.78%) were associated with HADRs, while anemia, thrombocytopenia, and
leucopenia were detected in 40.47%, 41.14%, and 36.17% of cases, respectively. One-fifth of the drugs were asso-
ciated with a very common frequency of any HADR (20.61%), and 15% of the M As were associated with a very
common frequency of anemia or leucopenia. One-fifth of the drugs on the EML were associated with HADRs;
a total of 7.19% of the drugs were associated with a very common frequency of HADRs, and 5-6% of the drugs
were associated with anemia, leucopenia, or thrombocytopenia.

Details for any or very common frequencies of HADR and their predictors are presented in Table 1.

Scientific Reports |

(2024) 14:9074 | https://doi.org/10.1038/s41598-024-59710-3 nature portfolio



www.nature.com/scientificreports/

* Cut-off date 30 June 2023

** When HADR frequency was
different for the same INN or for
different administration routes,
INN rows were multiplied

EMA DRUG DATASET
DOWNLOADED*

INFORMATION ON THE
EML ADDED

INFORMATION ON THE
ADMINISTRATION ROUTE
ADDED

EXCLUSION OF DRUGS NOT]|

FOR HUMAN USE

EXCLUSION OF
UNAUTHORIZED DRUGS

RESULTS DOCUMENTED

SEARCH FOR HADR IN 4.8 SmPC
OF EACH MA IN DATASET;
DOCUMENTING SEARCH
RESULTS

DATASET FOR INN LEVEL STATISTICAL ANALYSIS
ANALYSIS CREATED PERFORMED

HADR RESULTS COLUMN
MULTIPLIED FOR ALL HADR;
ANEMIA; LEUCOPENIA;
THROMBOCYTOPENIA

EXCLUSION OF SAME
DATA ON INN LEVEL**

DATASET ON INN LEVEL

DATASET CODED CREATED

] YES

NO NO
DATASET FOR ALL MA
ANALYSIS CREATED

EXTRACTED TO NEW ADDED DATA ON RELATED DATASET FOR
DATASET BIOLOGICALS BIOSIMILARS AND ITS
BIOLOGICALS CREATED

Figure 1. Workflow diagram. EMA, European Medicines Agency; EML, World Health Organization Essential
Medicines List; HADR, Hematological adverse drug reaction; INN, International nonproprietary name; MA,
Marketing Authorization.

Two-thirds of all MAs were found in the four ATC groups from the 1st level: A—alimentary tract and
metabolism (12.38%), J—antiinfectives for systemic use (14.31%), L—antineoplastic and immunomodulating
agents (29.13%), and N—nervous system (11.12%). Drugs from the L group had the highest frequency of drugs
requiring additional monitoring (39.64%), generics (29.74%), biosimilars (69.74%), conditionally approved drugs
(59.52%), accelerated assessment drugs (36.11%), orphan drugs (34.93%), and EML drugs (33.33%). The A group
had the highest number of MAs issued under exceptional circumstances (35.14%).

All members of the P (antiparasitic products, insecticides, and repellents) group of drugs had any HADR or
anemia. The L group had the highest frequency of the following HADRs: any frequency of leucopenia (74.81%);
any frequency of thrombocytopenia (74.05%); very common frequency of any HADR (60.81%), anemia (46.06%),
leucopenia (51.65%), and thrombocytopenia (40.71%). More detailed data about the HADRSs according to ATC
group can be found in the Supplementary File.

Multivariate binary logistic regression revealed that the following regulatory factors increased the odds of any
frequency of HADR, anemia, or thrombocytopenia: generic status (odds ratio [OR] 1.76-2.37), biosimilar status
(OR 3.26-11.25) and WHO EML status (OR 2.08-2.53). In the case of any frequency of leucopenia, generic status
and WHO EML increased the risk by at least two times (OR 2.10 and 2.34, respectively). The only protective
factor that decreased the risk of any frequency of anemia by approximately 20% was the route of administration
(from highest risk to lowest risk: enteral, parenteral and local routes of administration).

A very common frequency of any HADR, anemia, leucopenia, or thrombocytopenia was increasingly reported
among biosimilars, drugs with conditional approval, or drugs listed at the WHO EML. Only very common
thrombocytopenia had 3 additional regulatory predictors of increased risk: generic status (OR 1.67), accelerated
assessment (OR 3.03), and orphan drug status (OR 1.93). No regulatory predictor was shown to decrease the
risk in the case of the very common frequency of HADRs.
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Table 2 shows the regulatory factors that increased or decreased the risk of any frequency and very common
frequency of any HADR or specific blood disorders analyzed in this study, as well as the features of the logistic
regression model. The decision tree of having HADR with any (Fig. 2) or very common frequency (Fig. 3) was sat-
isfactorily differentiated based on the revealed predictors. Figure 4 presents all the predictors that were analyzed.

Analysis of INNs
Characteristics of any frequency and very common frequency of HADRs, anemia, leucopenia, and thrombocy-
topenia at the INN level are shown in Table 3. One-fifth of INNs were listed on the WHO EML, and one-third
of the INNs were under additional monitoring. Only 3.62% of the INNs were approved through the accelerated
assessment, while approximately 4% of INNs were under conditional approval or exceptional circumstances. Half
of the INNs had a HADR of any frequency, and one-fifth of the INNs were associated with HADRs with a very
common frequency. One-third of the drugs were associated with any frequency of anemia, leucopenia, or throm-
bocytopenia, while 13-16% of INNs were associated with a very common frequency of these blood disorders.
The logistic regression for INNs did not reveal any factors that act protectively on the risk of any HADR of
any or a very common frequency. WHO EML status was the only regulatory factor that increased the risk by
approximately 1.5 times for any frequency of HADR, anemia, leucopenia, or thrombocytopenia. The factors
increasing the risk of a very common frequency of any HADR and anemia were mandatory additional monitoring
(ORs of 1.48 and 1.67, respectively) and conditional approval (ORs of 2.60 and 3.01, respectively). Conditional
approval and orphan status increased the risk of very common leucopenia by 2.13 and 1.71 times, respectively.
The risk of very common thrombocytopenia increased when a drug had conditional approval, was approved
through accelerated assessment, or was an orphan drug (OR 2.70, 2.75 and 1.77, respectively).

Model features
Hosmer and Lemeshow Test (chi-
square; df; p value)
Hematological Adverse Drug Factors that increase the risk Factors that decrease the risk Cox & Snell R?
Frequency Reaction (HADR) factor (OR; 95% CI; p value) factor (OR; 95% CI; p value) Nagelkerke’s R Figures
Generic (2.35; [1.65-3.34];<0.001)
P 11.56; 8; 0.172
Biosimilar (5.91; [2.90- > .
Any HADR 12.01];<0.001) - 8(1)2 Fig. 2A
EML (2.08; [1.59-2.74];<0.001) )
Generic (1.76; [1.29-2.40];<0.001) .
Anemia Biosimilar (11.25; [5.41 Route of administration (0.79; | 1>3% 80127 Fio 2B
23.38];<0.001) [0.65-0.96]; 0.016) 015 8
ANY FREQUENCY EML (2.32; [1.78-3.01];<0.001) :
. 11.84; 8; 0.158
. Generic (2.10; [1.50-2.94];<0.001) > .
Leucopenia EML (2.24; [1.72-2.92];<0.001) | ~ o Fig. 2C
Generic (2.37; [1.74-3.23];<0.001) e
. Biosimilar (3.26; [1.89— 8.41; 5, 0.135 .
Thrombocytopenia - 0.10 Fig. 2D
5.64];<0.001) 014
EML (2.53; [1.94-3.28];<0.001) :
Biosimilar (3.32; [1.94—
5.66];<0.001) 12.39; 8; 0.135
Any HADR Conditional approval (2.84; - 0.05 Fig. 3A
[1.41-5.72]; 0.004) 0.08
EML (1.39; [1.01-1.92]; 0.042)
Biosimilar (2.27; [1.26-4.11];
0.007) 10.35; 8; 0.241
Anemia Conditional approval (3.41; - 0.04 Fig. 3B
[1.65-7.04];<0.001) 0.07
EML (1.47; [1.02-2.11]; 0.038)
Biosimilar (2.73; [1.56-
4.79];<0.001) 5.50; 8; 0.704
VERY COMMON Leucopenia Conditional approval (2.24; - 0.04 Fig. 3C
[1.07-4.72]; 0.033) 0.08
EML (1.59; [1.13-2.26]; 0.009)
Generic (1.67; [1.01-2.76]; 0.047)
Biosimilar (3.85; [2.12—
7.01];<0.001)
Conditional approval (2.96; 14.01; 8; 0.081
Thrombocytopenia [1.36-6.44]; 0.006) - 0.05 Fig. 3D
Accelerated assessment (3.03; 0'09 "
[1.35-6.81]; 0.007) :
Orphan medicines (1.93;
[1.12-3.35]; 0.019)
EML (1.57; [1.07-2.30]; 0.020)

Table 2. Predictors of any and very common frequency of HADR (only significant predictors are shown for
the sake of clarity). EML, World Health Organization Essential Medicine List; Fig, Figure.
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Figure 2. Decision tree showing the effects of a combination of predictors on the probability of hematological
adverse drug reactions (HADRs) of any frequency. (A) Any HADR; (B) ANEMIA; (C) LEUCOPENIA; (D)
THROMBOCYTOPENIA. EML, World Health Organization Essential Medicines List.

Analysis of biosimilars and related biologicals

We found 19 unique INNs within biosimilars, with 96 MAs, including their biologicals. All biosimilars were
administered parenterally, where two out of three (63.16%) were under additional monitoring, and the major-
ity were on the WHO Essential Medicine List (57.89%). No biosimilar was authorized conditionally or under
exceptional circumstances. Only one item was approved via accelerated assessment, and only one item had the
status of an orphan drug.
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Figure 3. Decision tree showing the effects of a combination of predictors on the probability of hematological
adverse drug reactions (HADRs) of very common frequency. (A) Any HADR; (B) ANEMIA; (C)
LEUCOPENTIA; (D) THROMBOCYTOPENIA.

No discrepancy was found in the HADR frequency among biosimilars of the same INN. Only somatropin
had a difference in the frequency of HADR, whereas biosimilars had no HADR in comparison to biologicals,
which have anemia with an uncommon frequency. Trastuzumab was the only INN associated with a very com-
mon frequency of anemia, leucopenia, and thrombocytopenia among the biosimilars. Four out of five authorized
biologics (biosimilars + biologicals) had any frequency of HADR or anemia, while three out of four had HADR
or anemia at the INN level. Leucopenia was most common (34.38% for the MA level, 21.05% for the INN level).
Table 4 shows an overview of the frequencies of any or a specific HADR at the MA or INN level. The biosimilars
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Figure 4. Predictors that were analyzed (red—factors significantly increasing the risk; green—factors
significantly decreasing the risk; orange—factors that showed no significance). EML, World Health Organization
Essential Medicine List.
Additional Exceptional Accelerated
Authorized drugs for | Total number of INN | monitoring Conditional approval | circumstances assessment Orphan medicine | EML 2023
human use N (%) N (%) N (%) N (%) N (%) N (%) N (%)
E{f\‘g‘gncy and type of | ga5 (100,00) 296 (33.52) 41 (4.64) 36 (4.08) 32 (3.62) 142 (16.08) 197 (22.31)
ﬁgy[)flfquency ofany | 46> (5232) 130 (43.92) 22 (53.66) 12 (33.33) 14 (43.75) 66 (46.48) 117 (59.39)
Very common fre-
quency of any HADR | 191 (21.63) 80 (27.03) 20 (48.78) 6 (16.67) 10 (31.25) 45 (31.69) 39 (19.80)
Any frequency of
ANEMA 327 (37.03) 95 (32.09) 19 (46.34) 8(22.22) 11 (34.38) 48 (33.80) 89 (45.18)
Very common fre-
quency of ANEMIA 140 (15.86) 65 (21.96) 18 (43.90) 5(13.89) 8(25.00) 36 (25.35) 25 (12.69)
Any frequency of
LEUCOPENIA 298 (33.75) 90 (30.41) 17 (41.46) 7 (19.44) 10 (31.25) 49 (34.51) 80 (40.61)
Very common fre-
quency of LEUCO- 137 (15.52) 59 (19.93) 15 (36.59) 3(8.33) 6 (18.75) 34 (23.94) 29 (14.72)
PENIA
Any frequency of
THROMBOCYTO- 320 (36.24) 86 (29.05) 16 (39.02) 6(16.67) 12 (37.50) 48 (33.80) 87 (44.16)
PENIA
Very common fre-
quency of THROM- 114 (12.91) 65 (21.96) 14 (34.15) 4(11.11) 9(28.13) 32 (22.54) 22 (11.17)
BOCYTOPENIA

Table 3. Characteristics of INNs authorized by the EMA. EML, World Health Organization Essential
Medicine List; HADR, Hematological Adverse Drug Reaction; INN, International Nonproprietary Name.

were found only in six ATC groups (A, B, G, H, L, and S). In the Supplementary File, the results of any or specific
HADR for biosimilars and their biologicals for all frequencies per ATC group are presented.

In the Supplementary File, the checklist is provided, listing all INNs with their respective brand names accord-
ing to the frequency of anemia, leucopenia, and thrombocytopenia, taking into account only very common
occurrences.

Discussion

Our results showed that any HADR of any frequency was detected in approximately 55% of all MAs; this fre-
quency was greater for drugs with a generic status or biosimilar status or for those listed in the WHO EML. The
risk of very common HADRs was significantly increased among drugs with biosimilar status, drugs included on
the WHO EML, and drugs with conditional MA.
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Very common | Common | Uncommon | Rare Veryrare | Notknown | Any frequency

BIOSIMILARS N (%) N (%) N (%) N (%) N (%) N (%) N (%)

ANY HADR 6 (31.58) 10 (52.63) | 7(36.84) 8(42.11) | 2(10.53) | 3(15.79) 14 (73.68)

ANEMIA 3(15.79) 7(36.84) | 3(15.79) 7(36.84) | 1(5.26) 0 (0.00) 14 (73.68)
INNlevel | LEUCOPENIA | 4(21.05) 4(21.05) | 3(15.79) 3(15.79) | 0(0.00) 1(5.26) 7 (36.84)

Eggé)ﬁ\]gocv 4(21.05) 4(21.05) | 4(21.05) 4(21.05) | 0(0.00) | 1(5.26) 10 (52.63)

ANY HADR 41 (42.71) 61(63.54) |46 (47.92) 36(37.50) | 10(10.42) |17(17.71) |78 (81.25)

ANEMIA 25 (26.04) 35(36.46) |20 (20.83) 35(36.46) | 4(4.17) 0(0.00) 79 (82.29)
MAlevel | [EUCOPENIA |33 (34.38) 23(23.96) | 12(12.50) 20 (20.83) | 0(0.00) 6 (6.25) 45 (46.88)

Egg&/gocy 29 (30.21) 27(28.13) |23(23.96) | 21(21.88) | 0(0.00) | 7(7.29) 62 (64.58)

Table 4. HADR frequency of biosimilars and their biologicals authorized by the EMA. HADR, Hematological
Adverse Drug Reaction; INN, International Nonproprietary Name; MA, Marketing Authorization.

Our analysis at the level of the INN showed that no factor exerted significant protective effects against all or
specific HADRSs of any frequency, while WHO EML was a factor that increased the risk of any frequency of all
analyzed HADRs.

The majority of the factors associated with HADRs increase the risk (e.g., generic status, biosimilar, WHO
EML, conditional approval, additional monitoring, etc.), while only the administration route was a protective
factor.

In patients taking biosimilars and their biological drugs, HADRs are very common. Bearing in mind that
until recently, i.e., until the position of the EMA in September 2022", biosimilars and biological drugs were not
considered mutually interchangeable, as is the case with generic drugs and their reference; therefore, the transi-
tion in therapy from one to another biological or biosimilar was not common. Our results showed that there
was no difference in the frequency of hematological reactions between biosimilars and their reference biological
drug, which is in line with other studies'!, except in the case of somatropin, where the biosimilar does not have
anemia with an unknown frequency listed as HADR while the reference drug does.

For a drug, generic or biosimilar, to be marketed, the data exclusivity of the reference drug must expire so that
the drug first receives marketing authorization from the regulatory body and then that the market protection of
the reference drug expires for the generic or biosimilar drug to be placed on the market**?!, This takes tens of
years, depending on the regulations, and during that time, the reference drug is also undergoing postmarketing
monitoring. These factors are expected to impact the frequency of HADRs because more real-world data on the
type of ADR and its frequency, where generics and biosimilars are marketed, are available, and active substances
are being monitored for a more extended period.

The influence of the inclusion of a drug on the WHO EML as a factor can be explained by the requirements
that must be met for the drug to be considered for the EML, such as evidence on comparative effectiveness,
safety, costs, cost-effectiveness, regulatory status, market availability, and others?. To fulfill all the previously
mentioned requirements, the drug must be on the market and an active substance used for many years, leading
to the well-known safety profile of this drug.

Conditional MA status implies continuous monitoring of the use of the drug (most often, the continuation
of clinical trials or mandatory PASSs) and, therefore, highly monitored reporting of ADRs. Studies have shown
no increased risk of safety issues for conditionally approved drugs®.

Additional monitoring is a factor that increases the risk, which is required when more data on drug safety or
efficacy are needed to evaluate the benefit-risk profile worldwide considering long-term use, whether the drug
is a new active substance or biological drug, whether it has conditional approval, whether it is approved under
exceptional circumstances, or when the MA holder must conduct additional studies or be approved with special
obligations®’. For these drugs to be closely monitored, more pharmacovigilance activities and more real-world
data are expected, explaining our study’s results?.

The orphan status of a drug is also shown to increase the risk of HADR. Considering the rarity and severity
of diseases in which patients are treated with these drugs (life-threatening or chronically debilitating), close
monitoring of patients receiving orphan drugs is expected, especially given the large amount of data related to
ADRs, which may influence the change in the safety profile of drugs for SmPC?. One study showed that 70% of
drugs authorized by the FDA had changes in labeling due to safety®.

Accelerated assessment is used by the EMA when drug approval in shorter review timelines is considered to
be of major public health interest or represents a therapeutic innovation. The justification that a drug fulfills
one of these conditions is left to the applicant without a clear definition of a major public health interest*®. Our
study showed that accelerated assessment increases the risk of HADR, which is in line with other studies showing
the potential relationship between ‘fast track’ or priority review’ and postapproval safety issues®.

The influence of the administration route on HADRs was also shown in a study conducted by Ingrasciotta
et al., where red cell aplasia was linked to the route of administration in the case of epoetin alfa'’.

Study limitations
The main limitation of this study was that only drugs authorized through centralized procedures were analyzed.
However, this factor was not expected to have a significant impact since the majority of novel drugs are authorized
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by the EMA. Additional studies analyzing drugs authorized through national procedures (NPs), decentralized
procedures (DPs), or mutual recognition procedures (MPRs) are necessary. More drugs are approved through
NPs, DPs, and MRPs than through the CP, but drugs authorized by the EMA are available for fewer years on the
market (our study showed that half of them have been available for less than 7 years since authorization, which
does not mean that they were on the market from the first day), leading to insufficient awareness of the HADR
of these drugs. Additionally, we did not consider possible differences in the SmPC between the EMA and other
medical agencies, e.g., the Food and Drug Administration (FDA), even though it is known that there may be dis-
crepancies in product information and differences in the decision-making regulatory framework between these
two regulators*~*! and different safety conclusions between the EU and Canada and the United Kingdom (UK)*.

Additionally, we did not perform a statistical analysis in which the predictor was the therapeutic group or
drug indication.

Strengths of the study
To the best of our knowledge, this is the first study investigating the association between regulatory factors and
HADRs and the first study using a methodology that completely relies on publicly available data. Ferner et al.
explored data available in the SmPC related to monitoring for HADR using the UK’s electronic database®.
The main strength of our study was that we included all drugs authorized through the CP without therapeutic
limitations or authorization date limitations, which was not the case in other studies using the EMA database as
the main source of data. Mol et al. excluded biosimilars when conducting a study related to postapproval safety
issues with innovative drugs®; Francisca RDC et al. analyzed drugs authorized between 2006 and 2017, exclud-
ing generics, when analyzing the introduction or discontinuation of additional risk minimization measures
(RMMs)*; Zeitoun et al. explored the association between regulatory review time and postmarket safety events
excluding reformulations, combination therapies, nontherapeutic agents, generics and biosimilars with limita-
tions on authorization dates (2001-2010)**; and Meregaglia et al. excluded drugs receiving MA before 2017 when
assessing patient-reported outcomes in the authorization by the EMA?'. We analyzed SmPC data from each of
the 1349 authorized MAs for drugs for human use since SmPC is considered a routine RMM, and one study
showed that 36% of additional RMMs targeted “blood and blood-forming organs™'.

We also added and analyzed the impact of the administration route as well as the presence of a drug on the
WHO EML. The additional strength of the study is that it analyzed the HADRs for each MA, INN, and biosimilar
and their biological agents.

Conclusion

There are certain characteristics of drugs that are associated with hematological adverse reactions; they reflect the
idiosyncratic nature of the majority of hematological adverse reactions, which require time and widespread use
to be recognized a sufficient number of times and then entered the official summary of product characteristics.
Knowledge of these characteristics could be of use to clinicians when choosing a drug that should be prescribed to
a patient prone to anemia, leucopenia or thrombocytopenia, as well as when an observed hematological adverse
reaction should be ascribed to one of numerous drugs the patient was taking simultaneously.

Data availability
The data used in the study and other materials not contained in the Supplementary File are available to interested
readers from the corresponding author upon reasonable request.
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