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Division, Department of Medicine, Karolinska Tyrosine kinase inhibitors (TKIs) have profoundly improved the clinical outcome for
University Hospital and Karolinska Institutet, . . ) ) i i i ' '
Stockholm, Sweden. patients with chronic myeloid leukemia (CML), but their overall survival is still sub-
Email: torsten.dahlen@kd.se normal and the treatment is associated with adverse events. In a large cohort-study,
Funding information we assessed the morbidity in 1328 Swedish CML chronic phase patients diagnosed
Karolinska Institutet; Region Stockholm 2002-2017 and treated with TKls, as compared to that in carefully matched control
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individuals. Several Swedish patient registers with near-complete nationwide cover-

age were utilized for data acquisition. Median follow-up was 6 (IQR, 3-10) years
with a total follow-up of 8510 person-years for the full cohort. Among 670 analyzed
disease categories, the patient cohort showed a significantly increased risk in
142 while, strikingly, no category was more common in controls. Increased inci-
dence rate ratios/IRR (95% CI) for more severe events among patients included
acute myocardial infarction (AMI) 2.0 (1.5-2.6), heart failure 2.6 (2.2-3.2), pneumo-
nia 2.8 (2.3-3.5), and unspecified sepsis 3.5 (2.6-4.7). When comparing patients on
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further explored.

1 | INTRODUCTION

Chronic phase (CP) chronic myeloid leukemia (CML) is characterized
by the fusion gene BCR-ABL1, coding for an oncoprotein that acts
as a tyrosine kinase.! With the clinical introduction of imatinib, and
subsequently other targeted tyrosine kinase inhibitors (TKIs), during
the recent 20 years, the prognosis for CML patients has improved
dramatically. The 5-year relative survival rates for CML patients
younger than 70 years of age are now approaching those of the gen-
eral population.?2”* Compared to imatinib, recommended doses of
the newer 2nd- and 3rd-generation TKls (dasatinib, nilotinib,
bosutinib, and ponatinib) generally induce more rapid and deeper
molecular responses, as assessed by quantitative RT-PCR of the
fusion-transcript.>~” However, this has not translated into any clear
differences between the various TKIs regarding overall survival.'®
Most TKIs are considered safe and well-tolerated, based mainly on
short-term tolerability data from randomized trials.!* Dose-limiting
toxicities typically reach only grade 2 on the Common Terminology
Criteria for Adverse Events (CTC-AE) scale. Since some of the TKls
have been available for less than 10 years and the number of
patients diagnosed with CML is comparatively small, systematic
studies of long term-toxicity have been scarce. We have previously
used data from the Swedish CML Register to study TKI-related car-
diovascular toxicity.??> The issue was highlighted by reports on an

1314 It has been

increased incidence of mainly arterial events.
suggested that this type of toxicity may help explain why the new
generation of TKls have not demonstrated superiority over imatinib
in terms of overall survival. In our previous publication, we were lim-
ited to patients diagnosed between 2002 and 2012 with relatively
limited duration of follow-up in the patients treated with the newer
TKiIs nilotinib and dasatinib, and a very scarce use of bosutinib and
ponatinib. There is a persistent paucity of data on the full range of
morbidity in CML patients, which limits the possibility of tailoring
TKI therapy to individual patients both with regards to short-term
response and to toxicity. With this background, we set out to
explore the range of possible adverse events in a large group of CML
patients treated with TKIls in a real-world setting during extended
time periods and to elaborate upon relations of these events to

specific TKiIs.

2nd generation TKIls vs. imatinib in a within-cohort analysis, nilotinib generated ele-
vated IRRs for AMI (2.9; 1.5-5.6) and chronic ischemic heart disease (2.2; 1.2-3.9),
dasatinib for pleural effusion (11.6; 7.6-17.7) and infectious complications, for
example, acute upper respiratory infections (3.0; 1.4-6.0). Our extensive real-world
data reveal significant risk increases of severe morbidity in TKl-treated CML
patients, as compared to matched controls, particularly for 2nd generation TKis.
Whether this increased morbidity may also translate into increased mortality, thus

preventing CML patients to achieve a normalized overall survival, needs to be

2 | METHODS

21 | Data sources and study population

We extracted data on all patients diagnosed with CP CML between
January 1st, 2002 until December 31st, 2017 that were recorded in the
nationwide Swedish CML Register. The Swedish CML Register is a
quality of care register consisting of manually entered data on drug
treatment and clinical and molecular disease characteristics from time
of diagnosis and during follow-up at 1, 2, 5, 10, and 15 years. Previous
validations of the Swedish CML Register demonstrated more than 98%
coverage of patients.* Patients younger than 18 years were excluded
as well as the few patients who were treated strictly with a palliative
treatment intent (e.g. hydroxyurea without subsequent addition of TKI).

From the Swedish Total Population Register, a control population
was selected with 5 random controls per CML patient, matched for
year of birth, sex, and place of residence at the time of diagnosis of
the index patient. Using unique personal identity numbers assigned to
all Swedish citizens, we then extracted information concerning all
non-CML-specific health care from the nationwide Swedish Patient
and Cause of Death Registers.>>'” All Swedish healthcare providers
are required to contribute data to the Patient Register, which thus
covers all inpatient care in Sweden from 1987 and all specialist outpa-
tient care since 2001. The Patient Register has been validated for a
large set of outcomes.'® All diagnoses and causes of death were
coded using the 10th revision of the international classification of dis-
ease (ICD-10) throughout the study period.

Data on current TKI treatment was ascertained using a two-
pronged approach. Since 2005, all dispensed prescriptions were avail-
able through linkage with the nationwide Prescribed Drug Register.1®
Earlier data, from 2002 to 2005, were instead extracted from the
CML Register, where treatment is recorded both at diagnosis and dur-
ing follow-up. Of note, treatment data from the CML Register were
also available for patients enrolled in clinical trials where drugs were
supplied by the sponsor and thus not recorded in the Prescribed Drug
Register. In subjects receiving multiple TKiIs, follow-up for each drug
started at the date of the first dispensation of each treatment and
continued until the day before the end-date of the next treatment or

at the end of follow-up, whichever occurs first.
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TABLE 1 Baseline characteristics for CML and control cohort,

respectively
CML cohort
N 1328
Females, N (%) 613 (46)

Age at diagnosis of CML patient, N (%)

<40 years 206 (16)
40-65 years 610 (46)
>65 years 512(39)
Median age, years (IQR) 60 (46-71)
Year of diagnosis of CML patient, N (%)
2002-2004 231(17)
2005-2007 221(17)
2008-2010 222 (17)
2011-2013 283 (21)
2014-2016 287 (22)
2017 84 (6)
Duration of follow-up, N (%)
0-5 years 584 (44)
5-10 years 415 (31)
10-15 years 261 (20)
Median (IQR) 6(3-10)
>15 years 68 (5)

Control cohort

Note: Maximum follow-up in the CML cohort was 17 years.

Abbreviation: IQR, interquartile range.

TABLE 2 Baseline characteristics of CML cohort

N
Female, N (%)
Age, median (IQR)
Year of diagnosis
2002-2004
2005-2007
2008-2010
2011-2013
2014-2016
2017
Line of TKI treatment, N (%)
First
Second
Third
Fourth
Fifth
Follow-up on treatment, years
Median (IQR)
Total

Abbreviation: IQR, interquartile range.

Imatinib
1213

45

60 (46-70)

171
227
233
237
264

81

1100 (91)
104 (9)
8(1)
0(0)
1(0)

3.2(1.1-7.8)
5990

e WiLey L=

2.2 | Outcomes

Using data from the Patient and Cause of Death registers, we

6640 extracted information for all patients on events requiring care at a
3065 (46) hospital or events registered as the cause of death, coded as Interna-
tional Classification of Disease (ICD) revision 10, and categorized
1013 (15) these into 670 disease categories, excluding malignancies, hematolog-
3140 (47) ical diseases, external causes of morbidity and mortality, as well as
symptom-based ICD-codes. Details of how the disease categories
2487 (37) were categorized are available in Table S1.
60 (46-71)
1155(17) 2.3 | Study design and statistical analyses
1105 (17)
1110(17) In the first analysis, we compared the incidence of all disease catego-
1415 (21) ries to the matched control population. Here, patients were followed
1435 (22) from the date of CML diagnosis until the date of first incident event in
420 (6) each disease category investigated, emigration, death, progression to
accelerated phase or blast crisis, or until the last day of follow-up
2357 (35) (December 31st, 2018), whichever occurred first. To remove effects
2188 (33) of disease progression not captured by specified progression date, we
also terminated follow-up 5 months before allogeneic hematopoietic
1605 (24) stem cell transplantation. Similarly, the control population was
7= followed from date of diagnosis of matched CML patient, until the
490(7) first incident event in each disease category, emigration, death, or
December 2018, whichever occurred first.
Dasatinib Nilotinib Bosutinib Ponatinib
379 388 52 25
47 46 56 48
60 (45-69) 57 (45-69) 60 (45-64) 51 (44-62)
34 29 4 1
67 48 4 1
74 80 5
82 136 21 15
95 80 16 8
27 15 2
24 (6) 126 (32) 1(2) 7(28)
290 (77) 163 (42) 5(10) 2(8)
60 (16) 90 (23) 25 (48) 8(32)
5(1) 8(2) 21 (40) 7 (28)
0(0) 1(0) 0(0) 1(4)
1.9 (0.8-4.7) 2.8 (0.8-5.6) 0.6 (0.2-1.6) 0.5(0.2-1-0)
1140 1290 60 20
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After excluding disease categories with no events, incidence rate
ratios (IRRs), comparing the CML patients to matched controls, were
computed for each disease category using Poisson regression models.
All analyses were adjusted for sex, calendar period of observation, and
attained age, the latter two by fitting restricted cubic spline functions
with 3 knots placed according to Harrel's method.*?

For disease categories where Lagrange multiplier test indicated
over- or under-dispersion using regular Poisson regression, we per-
formed Poisson regression with empirical variance estimation to con-
struct standard errors and p values. The false-discovery rate (FDR),
according to Benjamini and Hochberg, was applied to the first analysis
to account for multiple comparisons and type | errors.?° False-

A B C D
Other specified bacterial agents as the cause of diseases classified|: [ 1.3e-05 147
Erysipelas|: B | 6e-07 147
Viral warts ‘ 0.014 : 1
Candidiasis | W 1.3e-06 142
Bacterial infection of unspecified site ; M| 7.8e-06 }28
Zoster [herpes zoster] ! M| 0.00011 121
Herpesviral [herpes simplex] infections i 0.005 11
Viral and other specified intestinal infections ! | 0.00024 117
Infectious disease Streptococcus and Staphylococcus as the cause of diseases classified [: M| 1.2e-09 4
Other sepsis|! B[ 27e-18 76
Other gastroenteritis and colitis of infectious and unspecified origin | | 1.9e-13 153
Other bacterial intestinal infections : W | 9e-07 123
Other and unspecified infectious diseases | 7.8e-14 153
Streptococcal sepsis|! B| 8.2e-06 15
Viral infection of unspecified site B 1e-50 50
Cytomegaloviral disease|; | | 0.00037 17
Viral agents as the cause of diseases classified to other chapters|i | | | 0.0017 5
Type 2 diabetes mellitus |} n 0.0091 175
Type 1 diabetes mellitus |} n 0.015 120
Other nontoxic goitre|: n | 0.0034 114
Other disorders of fluid, electrolytes and acid-base balance : | | | 8.9e-10 : 59
Endocrine disease Volume depletion|: | | | | M| 1.1e-08 4
Postprocedural endocrine and metabolic disorders, not elsewhere classified|! | | § 0.0022 19
Thyrotoxicosis [hyperthyroidism] |: n B | 9.1e-07 122
Hyperfunction of pituitary gland|; | | | 0.013 14
Other disorders of adrenal gland 3 | | n 0.0034 i 5
Other specified diabetes mellitus | | [ | 0.0085 14
Dementia in Alzheimer disease|: [ 7.4e-05 1102
Migraine|! m 0.0083 117
Brain disease Other extrapyramidal and movement disorders : . | 0.0087 : 12
Other polyneuropathies |i | [ 1 1.2e-05 118
Encephalitis, myelitis and encephalomyelitis |; | | | 0.014 13
Meningitis due to other and unspecified causes|: | | 0.014 13
Senile cataract(' = W 0.00099 1177
Disorders of vitreous body | W | 7.1e-06 178
Other inflammation of eyelid |; 0.0046 131
Visual disturbances || 0.0003 142
Other disorders of eyelid || 0.00043 139
Other disorders of cormeal! 0.0095 119
Keratitis | 0.0016 126
Retinal vascular occlusions ; | 0.0039 ; 18
Ophthalmic disease Iridocyclitis |1 0.0013 122
Other retinal disorders i 9.3e-15 1122
Visual impairment including blindness (binocular or monocular) ! | 0.0058 114
Retinal disorders in diseases classified elsewhere 3 | 0.00039 523
Disorders of lacrimal system|: M| 1.5e-12 180
Conjunctivitis || | M| 6.8e-15 160
Other disorders of conjunctiva! | | M| te-50 154
Disorders of orbit|! | [ | 0.00067 16
Other disorders of iris and ciliary body|! | | | 4.3e-05 18
Conductive and sensorineural hearing loss [ 0.0024 153
. Other disorders of external ear|! - | 2.4e-05 143
Ear, Nose and throat disease Otitis external! Com Bl 13e06 32
Suppurative and unspecified otitis media : | N 0.00014 114
Essential (primary) hypertension : 0.0012 1209
Chronic ischaemic heart disease ! 0.00074 }81
Angina pectoris | 0.0039 158
Atrial fibrillation and flutter|; 2.3e-05 1106
Phlebitis and thrombophlebitis | 0.0022 133
Acute myocardial infarction | 6.4e-07 170
Other disorders of veins|; 0.0055 121
Pulmonary embolism | 0.0033 122
Circulatory disease Nonrheumatic mitral valve disorders ‘ 0.0093 ~ 15
Heart failure [: 8.1e-23 1145
Nonrheumatic aortic valve disorders || 9.4e-09 148
Other nontraumatic intracranial haemorrhage 0.0013 113
Cardiomyopathy | ! 0.00034 : 14
Other peripheral vascular diseases |i 7.7e-09 133
Other pulmonary heart diseases || 0.00025 113
Atherosclerosis || 1.9e-12 146
Other diseases of pericardium|; 3e-05 112
Hypertensive renal disease|! 3.4e-05 111
1 2 4 8 16 32 @
&

FIGURE 1

Incidence rate ratio

0,
(%y

(A) demonstrates incidence rate ratios (IRRs) for significant finding after FDR adjustment for the CML population as compared to

the control population: strong color demonstrating the point estimate and lighter color demonstrating 95% confidence intervals. (B) demonstrates
the same analysis but findings significant after Bonferroni-adjustment in a delayed entry model with 6 months from diagnosis of the significant
findings from the first analysis. (C,D) column present raw p values for the main analysis and events, respectively
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discovery rate was used in preference to Bonferroni correction to pro-
duce less conservative non-family-wise adjustments not to fail to
detect disease categorizes with possible increased risks. Raw p-values
were presented with unadjusted 95% confidence intervals, adjusted
p-values are presented in Table S2.

In the second analysis, we proceeded to test for associations
between individual TKls and the risk of each disease category among
all disease categories significantly more common in CML patients than
among controls identified in the first analysis. In this analysis, we per-
formed an internal comparison only within the CML population,
adding Sokal risk category at diagnosis to the Poisson model. In

addition, the models also included current TKI treatment as a time-
dependent covariate, allowing the variable to change as patient
received different treatments. Modeling was otherwise conducted in
a similar manner as in the first analysis using a two-pronged approach.
However, if over-dispersion was detected in the Lagrange multiplier
test, then the specific disease category was modeled in a quasi-
Poisson framework in order to handle the time-dependent drug covar-
iate and to specifically address over-dispersions and deflate the type
1 error rate. In the second analysis, for TKls with no events during
follow-up in a specific disease category were excluded. Current TKI

treatment was treated as a time-varying covariate by allowing TKI

A B C D
Other chronic obstructive pulmonary disease|: | 0.003 1 50
Respiratory failure, not elsewhere classified | 5.7e-05 29
Pulmonary oedema| | 0.013 110
Bacterial pneumonia, not elsewhere classified || | 21e-11 172
Pneumonia, organism unspecified | : 1 6.2e-25 1142
Acute bronchitis|: | 1.7e-06 129
Pneumonia due to Haemophilus influenzae | | 0.014 V7
Pneumothorax| | 0.0029 110
Respiratory disease Unspecified acute lower respiratory infection | 0.0045 '8
Influenza, virus not identified | : | | 0.011 6
Bronchitis, not specified as acute or chronic|: | i 0.0046 V7
Acute upper respiratory infections of multiple and unspecified sites| ! | 0 3.3e-16 157
Pleural effusion in conditions classified elsewhere | | | 0.0048 5
Pneumonia due to Streptococcus pneumoniae 1e-05 12
Pleural effusion, not elsewhere classified|: | 1.1e-49 V117
Influenza due to identified zoonotic or pandemic influenza virus| ! | 6.9e-06 110
Respiratory conditions due to other external agents) . | 0.012 ' 3
Other diseases of anus and rectum|: [ 0.014 128
Diverticular disease of intestine I 0.00019 1 58
Gastro-oesophageal reflux disease | 0.00043 }44
Functional dyspepsia|: | 0.017 119
Other diseases of intestine |: u 0.0041 126
Haemorrhoids and perianal venous thrombosis | : | 0.0015 129
Other diseases of digestive system| ! ‘| 3.9e-07 158
Irritable bowel syndrome | i | 0.0051 117
Other diseases of stomach and duodenum|; N 0.0057 116
Acute pancreatitis | | | 0.0039 115
Ulcerative colitis ! | 0.015 9
Gastritis and duodenitis | : || 27e-12 168
Other functional intestinal disorders || ] 8.2e-17 196
. Duodenal ulcer|: | 0.0021 13
Gastrointestinal disease Other diseases of oesophagus | 4.1e-05 21
Diaphragmatic hernia|: | 5e-14 ‘71
Gastric ulcer|! ] 2.16-06 128
Vascular disorders of intestine ! n | 0.00041 115
Diseases of pulp and periapical tissues | | | 0.0038 10
Alcoholic liver disease|: n | 0.012 '7
Dental caries|! m | 0.015 16
Oesophagitis| LI 7.1e-08 129
Fissure and fistula of anal and rectal regions ' N | 7.7e-07 w 19
Stomatitis and related lesions|: i 4.4e-05 113
Other noninfective gastroenteritis and colitis| ! | o n 7.4e-15 145
Toxic liver disease || | | | | 0.013 4
Gastrojejunal ulcer | | [ ] 0.014 i3
Other diseases of jaws| ! | | | | 0.00054 H
Other soft tissue disorders, not elsewhere classified|; [ ] | 1.6e-05 1142
Other joint disorders, not elsewhere classified| | I | 0.00019 153
Dorsalgia| ! 'n B | 54e-13 1120
’ Other intervertebral disc disorders | N M | 0.0003 128
Musculoskeletal disease Gout : m B 12005 335
Other arthritis| | | | | 0.0001 123
Pyogenic arthritis| ! | | | | 0.0019 13
Osteomyelitis| . ! | | ! 0.0063 ‘9
Other disorders of urinary system|: [ ] | 0.00084 1106
Calculus of kidney and ureter|: | 0.0049 1 36
Cystitis| ! | 0.0081 131
Obstructive and reflux uropathy| || | 0.0031 118
Excessive, frequent and irregular menstruation || | n 4.3e-05 131
Inflammatory diseases of prostate : . | 0.0093 12
Hydrocele and spermatocele ' om | 0.011 w 1
Acute tubulo-interstitial nephritis| 1 | 2e-06 1 37
Genitourinary disease Male infertility | u | 0.0084 110
Neuromuscular dysfunction of bladder, not elsewhere classified | : | | 0.00086 115
Acute renal failure | " | 1.9e-10 147
Orchitis and epididymitis || u | 0.00059 113
Chronic kidney disease|! | 1e-50 186
Other disorders of kidney and ureter, not elsewhere classified | : L} 0.0019 19
Other disorders of bladder ' ] 0.00019 w 12
Unspecified kidney failure [} | 3.7e-11 1 34
Disorders resulting from impaired renal tubular function : | | 0.0033 5
1 2 4 8 16 %2 .8
f

FIGURE 1 (Continued)

Incidence rate ratio
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TABLE 3 Significant findings from within cohort analysis, TKI specific, as compared to imatinib as reference

Incidence rate Raw p Bonferroni
Events ratio (95% Cl) value robust
Dasatinib
Heart failure 28 2(1.4-3.4) .0005
Gastric ulcer 6 3(1.1-8.1) .0349
Erysipelas 16 3.7 (1.4-9.7) .0082
Other bacterial intestinal infections 6 5(1.2-10.1) 021
Other gastroenteritis and colitis of infectious and 15 7 (1.4-5.1) .0027
unspecified origin
Disorders of lacrimal system 3 0.3(0.1-0.9) .0345
Pleural effusion, not elsewhere classified 66 11.6 (7.6-17.7) <.0001 Yes
Acute upper respiratory infections of multiple and 12 3(1.4-6.0) .003
unspecified sites
Pneumothorax 5 10.6 (1.6-69.9) .01
Nilotinib
Atherosclerosis 17 7 (2.3-9.5) <.0001 Yes
Other peripheral vascular diseases 11 4(1.5-7.7) .0027
Acute myocardial infarction 15 9 (1.5-5.6) .0012
Chronic ischaemic heart disease 17 2(1.2-3.9) .009
Atrial fibrillation and flutter 23 8(1.1-3.0) 0171
Essential (primary) hypertension 32 1.5 (1.0-2.3) .0371
Type 2 diabetes mellitus 15 2(1.2-4.1) 0142
Acute tubulo-interstitial nephritis 9 3(1.2-7.0) .0147
Cystitis 7 6(1.0-6.8) .0474
Other disorders of urinary system 20 8 (1.0-3.0) .0384
Visual disturbances 14 8(1.8-7.8) .0003
Pleural effusion, not elsewhere classified 13 2(1.0-3.9) .0352
Bosutinib
Heart failure 2 .3(1.3-22.0) .0229
Unspecified kidney failure 2 7 (1.5-31.5) .0118
Gastritis and duodenitis 2 6(1.3-24.6) 0216
Other bacterial intestinal infections 1 16.9 (1.9-152.0) .0115
Ponatinib
Angina pectoris 1 15.6 (2.0-119.0) .0081
Atherosclerosis 1 13.7 (1.7-108.4) .0131
Other peripheral vascular diseases 1 12.2 (1.5-98.0) .0189
Chronic ischaemic heart disease 1 7 (1.2-64.8) .0351
Atrial fibrillation and flutter 1 .6 (1.0-55.6) 0462
Essential (primary) hypertension 2 .3(1.8-30.0) .0062
Other disorders of fluid, electrolyte and acid-base 2 16.4 (3.8-71.0) .0002
balance
Type 2 diabetes mellitus 1 8(1.0-58.7) .0459
Cystitis 1 24.4 (2.9-202.4) .0031
Excessive, frequent and irregular menstruation 1 1(1.3-94.4) .0289
Other diseases of esophagus 1 23.2 (1.8-297.2) .0157
Qesophagitis 1 22.3(1.6-312.9) .0211
Diverticular disease of intestine 1 10.7 (1.4-80.2) .0215
Zoster [herpes zoster] 1 24.2 (2.9-203.0) .0034
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Events

TABLE 3 (Continued)
Candidiasis 2
Keratitis 1
Acute upper respiratory infections of multiple and 1

unspecified sites

treatment to change in the model as the patient received different
treatments, using the publicly available Stratify macro.?* In recogni-
tion of it being a strictly explorative and due to likely insufficient
power, the main comparisons were based on raw p values are pres-
ented. However, results are also presented using Bonferroni
adjustment.

To limit effects of health outcomes seen primarily in the initial
untreated and initiation-phase of TKI therapy in CML, and effects of
the likely increased surveillance of patients at the time of their diagno-
sis, where they typically undergo frequent blood testing and diagnos-
tic workups, we also performed a sensitivity analysis where start of
follow-up was delayed until 6 months after CML diagnosis. As this
analysis included the same hypothesis test and covariates from the
main analysis, but only investigating the sub-population of FDR signif-
icant disease categories, Bonferroni-adjustment was conducted to
handle sub-population adjustment for multiple testing not accounted
for using FDR.

All statistical computations were conducted using SAS (SAS Insti-
tute v 9.4, California, USA).

2.4 | Ethical considerations
This study has been approved by the Swedish Ethical Review Author-
ity (ref. nr: 2020-05425).

3 | RESULTS
We included 1328 patients with CP CML diagnosed between 2002
and 2017. The median follow-up was 6 years (interquartile range
[IQR], 3-10 years), and 329 patients accrued more than 10 years of
follow-up. A total of 613 (46%) of patients were female. Baseline
characteristics of the CML and control cohorts are shown in Table 1.
As is shown in Table 2, 1213 (91%), 379 (29%), 388 (29%), 52 (4%),
and 25 (2%) patients ever received imatinib, dasatinib, nilotinib,
bosutinib and ponatinib, respectively. Patients treated with ponatinib
were younger (median age, 51 years) and in later lines of treatment,
with 64% receiving ponatinib as a 3rd line or later TKI treatment
(Table 2). Follow-up for the full cohort was 8510 person-years, with
5985, 1143, 1288, 61 and 21 person-years for imatinib, dasatinib,
nilotinib, bosutinib and ponatinib, respectively.

Out of 670 disease categories, a total of 405 disease categories

remained for analysis in the comparison between CML patients and

e WiLey- L

Incidence rate Raw p Bonferroni
ratio (95% Cl) value robust
23.3(5.1-106.5) <.0001 Yes

14.2 (1.5-133.3) .0202

19.6 (2.5-154.4) .0046

the control population after excluding 265 disease categories with
too few events. Before adjusting for multiple testing in these disease
categories, 169 categories were identified with significantly
increased IRR as compared to the control population and no disease
category demonstrated a decreased incidence. After FDR adjust-
ment, 142 (84%) of these associations remained statistically signifi-
cant (Figure 1 and Table S2 and Figure S1). Disease categories with
increased risks were observed particularly among diseases of the cir-
culatory, respiratory, ophthalmic, infectious, gastrointestinal, and
genitourinary systems. Among disease categories with strong effects,
we observed pleural effusion (IRR, 8.2; 95% Cl, 6.2-10.8), pneumo-
nia with unspecified organism (IRR, 2.8; 95% Cl, 2.3-3.5), heart
failure (IRR, 2.6; 95% Cl, 2.2-3.2), other sepsis (IRR, 3.5; 95% Cl,
2.6-4.7), other functional intestinal disorders (IRR, 2.8; 95% Cl, 2.2-
3.5), acute upper respiratory infections (IRR, 4.1; 95% Cl, 2.9-5.7),
conjunctivitis (IRR, 3.6; 95% Cl, 2.6-4.9), and other noninfective gas-
troenteritis and colitis (IRR, 4.7; 95% Cl, 3.2-7.0). In the delayed
entry model, where follow-up was started 6 months after diagnosis,
54 (38%) associations were still statistically significant after
Bonferroni adjustment, as compared to the control population. Of
note, the risk of acute myocardial infarction remained elevated with
similar risk estimates in the delayed entry model, with IRRs of 2.0
(95% Cl, 1.5-2.6) and 2.1 (95% Cl, 1.5-2.7) in the main and delayed-
entry model, respectively. Risk of retinal vascular disorders was only
statistically significantly elevated when including the full follow-up
and not in the delayed entry model, with IRRs of 2.2 (95% Cl, 1.3-
3.8) and 1.7 (95% Cl, 0.9-3.0), respectively. Most infectious diagno-
ses (i.e., in the first chapter of the ICD system), remained statistically
significant also in the delayed entry model.

When considering the effects of specific TKils, investigating the
significant disease categories from the first analysis, we demonstrated
an association between individual TKls and disease categories in
41 (29%) of the 139 investigated disease categories as compared to
imatinib (Table 3 and Figure S1). For nilotinib, the risk was statistically
significantly elevated for several cardiovascular outcomes, most nota-
bly acute myocardial infarction (IRR, 2.9; 95% Cl, 1.5-5.6) and chronic
ischemic heart disease (IRR, 2.2; 95% Cl, 1.2-3.9). For dasatinib, sta-
tistically significantly increased risks were observed for pleural effu-
sion (IRR, 11.6; 95% Cl,7.6-17.7) and infectious complications,
e.g. erysipelas (IRR, 3.7; 95% Cl, 1.4-9.7) and acute upper respiratory
infections (IRR, 3.0; 95% Cl, 1.4-6.0). On account of the small number
of patients treated with bosutinib or ponatinib and short follow-up,
any associations observed for these drugs were coupled with large

standard errors.
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4 | DISCUSSION

In this nationwide cohort study, including almost all CP CML patients
diagnosed in Sweden between 2002 and 2017, we describe the full
spectrum of morbidity associated with CML and TKI treatment. After
exclusions, we studied the occurrence of 405 disease categories, both
comparing CML patients to the general population and patients
treated with different TKls. The cumulative data set is extensive and
complex, but some observations may deserve particular attention.
First, for 169 categories CML patients were found carrying a signifi-
cantly increased risk as compared to matched controls, while the
reverse could not be observed for any category. This clearly indicates
an inferior health status, and possibly an inferior quality of life, among
CML patients. Among the most notable, not exceedingly rare events
(n > 50) with at least a significantly doubling of IRRs after Bonferroni
adjustment were several potentially severe conditions, such as “other
sepsis,” pneumonia, pleural effusion, acute myocardial infarction,
heart failure, and gastritis/duodenitis. Whether this also translated
into lethal complications among affected individuals, thus coun-
teracting the clear benefits of TKI treatment, is not known. These
adverse events have all been attributed to TKI treatment in earlier
publications,?? but our data expands and deepens the elucidation of
their prevalence. Comparing the outcome of patients treated with
imatinib versus those treated with later generation TKIls provided fur-
ther insights. The risk of acute myocardial infarction was found to be
increased 3-fold in the nilotinib-treated group, while the risks of sev-
eral infectious diseases were particularly elevated for dasatinib-
treated patients. This may have important clinical implications. CML
patients during TKI therapy have not generally been considered to be
in a clearly immunosuppressed state, an assumption supported by
recent data on how these patients are affected by covid-19.2° Our
data indicate that the impact of prolonged TKI exposure might be
more detrimental than previously thought. Extended studies appear
warranted. Regarding less severe AE, it is also of note that the risks of
a range of ophthalmic disease were elevated, both comparing the
CML patients to the general population, as well as comparing CML
patients treated with imatinib to those on 2nd generation TKI regi-
mens. It is true that the adverse events listed in this report have been
described in earlier publications,??242> but our data provide expanded
and deeper insights, supplying carefully matched control populations
with extended follow-up.

Besides including a full nationwide cohort, this study has several
strengths, most notably the long follow-up and the high-resolution
health-care data. The detailed data on individual TKI therapy and the
complete and detailed outcomes ascertainment from the national
Patient Register, ensures a high reliability of both exposure and
outcome data. In addition, the methodological approach should
effectively bypass researcher bias by agnostically, without any pre-
conceived ideas concerning the relation of an exposure and outcome,
investigating associations. As CML serves as a founding disease for
modern precision-based cancer therapy - where therapeutics effec-
tively target a specific cancerous process - we need to be alert and
develop robust surveillance methods to ensure the safety of all new
targeted therapies, allowing the capture of a broad range of adverse

events, and in an exploratory setting follow-up and identify possible
off-target effects. One such method is by including the full population
of patients in high quality registers allowing for complete follow-up
and applying methods such as these to the data.

However, with the agnostic approach comes also statistical limita-
tions, where it is necessary to strike a suitable balance between an
inflated type 1 error rate (i.e., with large numbers of false positive
findings) and a limited statistical power. In the main analysis, we there-
fore implemented the commonly employed FDR method to handle
multiple testing, widely used in genetic association studies. An alter-
native method would have been to use a family-wide method, reduc-
ing the type 1 error rate to a minimum, but at substantial cost of
limiting statistical power. Given the exploratory nature of the study
and that the aim was to characterize the full spectrum of morbidity,
to generate data for future confirmatory studies in other CML
populations, selecting FDR as adjustment method was a natural
choice.

An additional limitation comes from the structure of the investi-
gated disease categories, which was based on 3-digit ICD-10 codes
and which may therefore lead to some outcome heterogeneity as
such disease categories sometimes include more than one distinct dis-
ease, with different etiology. While none of the statistically significant
associations that we detected were related to heterogenous outcome
categories, it is still possible that we failed to detect potentially rele-
vant associations with diseases that were classified together with
other diseases in heterogenous outcome categories. Non-acute and
less severe conditions are also more likely to be discovered in CML
patients due to closer monitoring than in the general population.
Another limitation is the limited number - and short follow-up - of
patients treated with ponatinib and bosutinib, which may ostensibly
depict these drugs as being safer because of limited data. Further-
more, a general effect of using health-visit data to study disease
occurrence among patients with one chronic condition is how associa-
tions with other diseases may be driven by increased detection, either
due to improved surveillance from repeated health care contacts, or
from patients being more prone to seek healthcare for mild symptoms
because of the underlying illness. Such effects should mainly impact
milder, non-acute diseases and could be seen as an example of
reversed causality. However, it is generally complex to disentangle
such incidental findings from true effects of the underlying disease or
treatment. To counter these findings, possibly identified as a conse-
quence of surveillance in newly diagnosed CML, we additionally used
a delayed entry model, still demonstrating a multitude of disease
categories with increased risks even after conservative Bonferroni
adjustment.

In conclusion, data from this large “real-world” cohort study with
close to full nationwide coverage extensively and specifically identify
and pinpoint a number of severe adverse events linked to CML
patients subjected to prolonged treatment with TKI (in particular with
2nd generation drugs), as compared to outcomes for carefully mat-
ched controls. The full clinical implications of these findings are still
somewhat unclear, but they may well provide important novel insights
into the long-term morbidity and mortality of CML patients. In gen-
eral, we believe that explorative studies using this or similar
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methodologies, capturing a large set of event types in large patient
cohorts, constitute a fruitful approach to identify and quantify clinical
risks associated with novel therapeutics, perhaps in particular off-
target effects by newly introduced precision-based treatment

regimens.
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