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ABSTRACT

Introduction: The relationship of prodromal markers of PD with PD mortality is unclear. Electronic health records
(EHRs) provide a large source of raw data that could be useful in the identification of novel relevant prognostic
factors in PD. We aimed to provide a proof of concept for automated data mining and pattern recognition of EHRs
of PD patients and to study associations between prodromal markers and PD mortality.

Methods: Data from EHRs of PD patients (n = 2522) were collected from the Turku University Hospital database
between 2006 and 2016. The data contained >27 million words/numbers and >750000 unique expressions. The
5000 most common words were identified in three-year time period before PD diagnosis. Cox regression was
used to investigate the association of expressions with the 5-year survival of PD patients.

Results: During the five-year period after PD diagnosis, 839 patients died (33.3%). If expressions associated with
psychosis/hallucinations were identified within 3 years before the diagnosis, worse survival was observed
(hazard ratio = 1.71, 95%CI = 1.46-1.99, p < 0.001). Similar effects were observed for words associated with
cognition (1.23, 1.05-1.43, p = 0.009), constipation (1.34, 1.15-1.56, p = 0.0002) and pain (1.34, 1.12-1.60, p
= 0.001).

Conclusions: Automated mining of EHRs can predict relevant clinical outcomes in PD. The approach can identify
factors that have previously been associated with survival and detect novel associations, as observed in the link
between poor survival and prediagnostic pain. The significance of early pain in PD prognosis should be the focus
of future studies with alternate methods.

1. Introduction

One of the key challenges in PD pharmacotherapy is the lack of
neuroprotective agents that could alter the disease course. Another

Although Parkinson’s disease (PD) is associated with an early and
progressive loss of dopaminergic neurons in the substantia nigra, PD can
be characterized as a multisystem progressive disease that affects several
neurotransmitter systems [1,2]. Importantly, PD-specific pathology
seems to initiate years before classical motor symptoms are clinically
observable [3], and a marked loss of dopaminergic neurons is already
present when the diagnosis is established [4]. In addition to cardinal
motor symptoms, patients with PD also suffer from numerous nonmotor
symptoms such as psychiatric problems, cognitive impairment, demen-
tia, dysautonomia, constipation and sleep problems [2]. Some of the
nonmotor symptoms may occur several years before motor symptoms in
the prodromal phase of PD [2].

related problem is the identification of prodromal patients who could be
targeted for neuroprotective treatments. Previous studies have identi-
fied several prodromal markers in PD [5]. The first published prodromal
markers were derived from studies investigating asymptomatic relatives
of PD patients [6] and epidemiological studies designed for other pur-
poses [7]. Later, prospective studies specifically investigating prodromal
PD [8,9], and studies with retrospective reviews of electronic health
records (EHRs) became available [10,11]. These studies have specif-
ically identified REM sleep behavior disorder, depression, constipation,
olfactory dysfunction, erectile dysfunction, somnolence, orthostatic
hypotension and urinary dysfunction as prodromal markers of PD.
Although prodromal symptoms increase the risk of PD diagnosis, the
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relationship between prodromal markers and mortality is unclear.

EHR systems are currently in routine use in many countries,
including Finland [12], and the increasing amount of data can be used
for several secondary purposes, such as statistics and decision support
[12]. There is potentially valuable information inside EHRs that could
be utilized using data mining of language processing [12]. Therefore, in
this retrospective record-based cohort study, we sought to investigate
whether data mining of prediagnostic language can be used for PD
research. We investigated a large hospital-based cohort of Finnish PD
patients and examined possible associations between these prodromal
markers and the mortality of PD patients. The first aim was to provide
proof-of-concept that text mining can identify relevant previously re-
ported clinical prodromal symptoms in PD. The second aim was to
investigate whether the method can identify novel associations that
could be tested in other research settings.

2. Material and methods

The Turku Clinical Research Center (Turku CRC, http://www.turku
crc.fi/en) maintains the Turku University Hospital database, which
contains detailed clinical data of patients who have visited Turku Uni-
versity Hospital or regional hospitals. In Finland, terms medical records/
electronic health records are used interchangeably, and health records
have been in electronic format from the January 1, 2004 onwards,
enabling annual longitudinal analyses, and they include demographics,
clinical diagnoses and procedures, inpatient periods and outpatient
visits, pathology diagnoses and reports, imaging reports, chemotherapy
and radiation treatments, inpatient medications and outpatient pre-
scriptions, laboratory measurements, and clinical narratives. The data
are pseudonymized, protecting the identity of the patients while making
it possible to link data elements to individual patients.

The study population consisted of PD patients who were treated
between 2006 and 2014 at Turku University Hospital district in south-
western Finland, and who had available EHR data from the pre-
diagnostic period. PD patients were identified from the Turku University
Hospital database on the basis of ICD-10 code G20*. The date of diag-
nosis was defined as the first appearance of the diagnosis code in patient
records. The diagnostic criteria of PD are homogeneous in different parts
of Finland and are based on the Finnish Current Care Guidelines of PD
[13]. To receive drug reimbursement for PD, the diagnosis must be made
by a certified neurologist using either the UK Brain Bank criteria or the
MDS clinical criteria [14] on the basis of clinical examination. Thus, all
diagnoses of PD in our data were based on these criteria. In addition,
dates and individual causes of death were obtained from the national
authority Statistics Finland (www.stat.fi). The beginning of the
follow-up was January 1, 2006, and the end of the follow-up was
December 31, 2016.

After identifying patients and diagnosis dates, individual patient
data were collected from the database. All electronic texts and lists were
used including referrals, medical imaging reports and laboratory results.
To extract the most common relevant words, Finnish stop words were
removed from the tokens. We focused on the prediagnostic period of PD,
and, consequently, we identified the 5000 most common words in time
period of three years before PD diagnosis. The search allowed specific
words to occur only once in the same time period. All 5000 words were
reviewed by two investigators, and suitable words were categorized into
ten categories that were determined in advance. Two word categories
(hyposmia and sleep disorders) were excluded due to an insufficient
number of words in categories. The final eight categories were words
related to parkinsonism, depression, psychosis/hallucinations, cogni-
tion, constipation, pain, cancer or circulation.

3. Statistics

We used age- and sex-adjusted Cox regression analysis to investigate
the association of word appearance within 3 years before PD diagnosis
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with the 5-year survival of PD patients. The results are expressed by
hazard ratios (HRs) with 95% confidence intervals (CIs). P-values less
than 0.05 were considered statistically significant. Statistical analyses
were performed using SAS System for Windows, version 9.4 (SAS
Institute Inc., Cary, NC).

The authors confirm that the approval of an institutional review
board was not required for this work. The study was approved by the
Turku Clinical Research Center (TT263/2017, diary number TK-53-652-
18).

4. Results

In the three-year time period before PD diagnosis, there were 2522
PD patients with available EHR data. In total, 27 671 364 words were
identified from EHRs of PD patients, 765 633 of which were unique.
Examples of common words in different word categories are presented
in Fig. 1. During a five-year period after diagnosis, 33.3% of patients
(839) died, of whom 56.7% (476) were men [Table 1]. Men were
diagnosed at a younger age than women (76.9 years, SD 7.5 years vs.
79.3 years, SD 7.4 years). The mean age of PD patients at the time of
death was 80.1 years (SD 7.5 years) (men: 79.0 years, SD 7.5 years,
women: 81.6 years, SD 7.2 years). Pneumonia was the most common
immediate cause of death in both men and women (39.3% of deaths in
men and 27.3% of deaths in women). The second and third most com-
mon causes of death were myocardial infarction and heart failure,
respectively.

The HR for prediagnostic psychosis/hallucinations words was 1.71
(95% CI 1.46-1.99, p < 0.0001), indicating worse survival for PD pa-
tients if psychosis/hallucinations-related words were identified within 3
years before PD diagnosis [Table 2, Fig. 2]. Additionally, the appear-
ances of pain- (HR 1.34, 95% CI 1.12-1.60, p = 0.0011), constipation-
(HR 1.34, 95% CI 1.15-1.56, p = 0.0002), and cognition- (HR 1.23, 95%
CI 1.05-1.43, p = 0.0087) related words over the prediagnostic period
were associated with increased mortality. Parkinsonism, depression,
circulation, and cancer-related words were not significantly associated
with PD patient survival [Table 2].

5. Discussion

We demonstrate a methodological approach that enables analyses of
massive data sets of large PD study populations. The results show that
prediagnostic screening of medical terms in EHRs of PD patients can
provide indicators of mortality. In particular, prediagnostic psychosis/
hallucinations, cognition, constipation and pain-related word categories
were associated with worse survival for PD patients. On the other hand,
no associations with parkinsonism-, depression-, circulation-, or cancer-
related words were observed.

Nonmotor symptoms are typically the main determinant of PD pa-
tients’ quality of life [15], and certain nonmotor symptoms have been
identified as risk factors for mortality [16]. Consistent with the present
results, psychotic symptoms [17-19] and cognitive impairment/de-
mentia [17,18,20,21] have previously been shown to be associated with
an increased risk of death in patients with PD. Importantly, however,
these associations have been demonstrated in diagnosed patients often
years after the onset of first symptoms, whereas the present results focus
on the prediagnostic period. Previous studies have also suggested that an
early development of autonomic dysfunction or individual autonomic
abnormalities (including constipation, orthostatic hypotension, urinary
symptoms, upper gastrointestinal tract symptoms, sweating abnormal-
ities, and erectile dysfunction in males) are independent determinants of
more rapid disease progression and shorter survival in patients already
diagnosed with PD [22]. Constipation was also associated with a higher
risk of death in diagnosed PD patients in Kaplan-Meier analysis [16].
However, to our knowledge, there are no previous reports on the direct
association between pain and survival in PD. PD-related pain has been
reported to increase the risk of falls, which could secondarily affect the
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Constipation
HR 1.34 (p=0.0002)
Levolac

Movicol
Laxoberon
Duphalac

Constipation

Cognition

Memory
Neuropsychology
Disoriented

Pain
HR 1.34 (p=0.0011)
Pain
Headache
Abdominal pain
Chest pain

Backache

Psychosis/
hallucinations
HR 1.71 (p<0.0001)
Hallucination
Visual hallucinations
Clozapine
Quetiapine
Risperidone

n total 27 671364

HR 1.23 (p=0.0087) R HR 1.07 (p=0.3396)
Cognition > 765 633 unique Carcinoma
words
MMSE Tumor
- 5000 most

common words in
prediagnostic period
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Parkinsonism
HR 0.82 (p=0.2849)
Hypokinesia
Tremor
Rigidity
Parkinson
Kardopal

Depression
HR 1.10 (p=0.2583)
DEPS
Depression
Mood
Citalopram

Escitalopram

Cancer

Melanoma
Breast cancer

Radiation therapy

Circulation
HR 1.01 (p=0.9509)
Ischaemic
Blood pressure

Coronary heart
disease

Infarct

Heart murmur

Fig. 1. Examples of common words/expression in different categories, and hazard ratios for 5-year survival. DEPS = Depression Scale, Duphalac = trade name for
lactulose, HR = Hazard ratio, Kardopal = trade name for carbidopa/levodopa, Laxoberon = trade name for sodium picosulfate, Levolac = trade name for lactulose,
MMSE = Mini-Mental State Examination, Movicol = trade name for macrogol, p = P-value.

Table 1
Demographics and three most common causes of death (I, II, III) of the 839
patients who died during the five-year period after PD diagnosis.

Gender Patients Mean age at Mean age I (n/%) I 111
(n/%) diagnosis at death (n/ (n/

(SD) (SD) %) %)

Men 476/56.7 76.9 (7.5) 79.0 Pneumonia  MI HF
(7.5) 187/39.3 16/ 12/

3.4 2.5

Women  363/43.3 79.3 (7.4) 81.6 Pneumonia  MI HF
(7.2) 99/27.3 14/ 12/

3.9 3.3

All 839 77.9 (7.6) 80.1 Pneumonia MI HF
(7.5) 286/34.1 30/ 24/

3.6 2.9

HF = heart failure, MI = myocardial infarction, PD = Parkinson’s disease, SD =
standard deviation.

The immediate cause of death was not reported for 41.2% of males, 47.7% of
females, 44.2% of all patients.

occurrence of acute complications and deaths in PD patients [23].
Over recent years, the role and clinical importance of pain in PD has
become apparent. Studies have shown that PD patients suffer from pain
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more than age-matched controls [24], and as many as 61.8% of PD
patients have been reported to experience at least one form of chronic
pain according to the results of the DoPaMiP study [25]. The clinical
importance of the issue has been demonstrated by studies that have
shown that pain is a significant nonmotor symptom of PD, but it remains
an underdiagnosed and undertreated symptom negatively influencing
the quality of life of PD patients [24]. In the present study, the results
point to a possible link between pain in the prediagnostic period of PD
and mortality within the first five years post diagnosis. It is possible that
poor survival is related to early balance problems or comorbidities. In
addition, pain may also be an indirect motor sign of rigidity. One of the
most common term in pain category was backache that may associate
with axial rigidity, which may explain reduced survival. However,
future studies with other methods are needed to investigate this in
detail.

It is important to note that although our study focused on the pre-
diagnostic time period, it was not the same as the premotor stage. The
PD diagnosis date in this study was the first appearance of the diagnosis
code in patient records, and the diagnostic latency from motor symptom
occurrence to clinical diagnosis of PD typically varies from months to a
few years [26,27]. Therefore, the present results should be interpreted to
indicate that psychosis/hallucinations, cognition, constipation and
pain-related expressions are associated with worse survival in the early
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Table 2
Associations between prediagnostic word categories and 5-year survival of PD
patients.

Word category Deaths/ Age and sex adjusted HR P-value
Patients (%) (95% CI)
Circulation
Suitable word not 67/249 (26.9)
appeared
Suitable word 772/2273 1.01 (0.78-1.30) 0.9509
appeared (34.0)
Cancer
Suitable word not 537/1676
appeared (32.0)
Suitable word 302/846 (35.7)  1.07 (0.93-1.24) 0.3396
appeared
Parkinsonism
Suitable word not 31/71 (43.7)
appeared
Suitable word 808/2451 0.82 (0.57-1.18) 0.2849
appeared (33.0)
Depression
Suitable word not 647/1915
appeared (33.8)
Suitable word 192/607 (31.6)  1.10 (0.93-1.29) 0.2583
appeared
Cognition
Suitable word not 244/899 (27.4)
appeared
Suitable word 595/1633 1.23 (1.05-1.43) 0.0087
appeared (36.4)
Constipation
Suitable word not 613/1956
appeared (31.3)
Suitable word 226/566 (39.9)  1.34 (1.15-1.56) 0.0002
appeared
Pain
Suitable word not 154/601 (25.6)
appeared
Suitable word 685/1921 1.34 (1.12-1.60) 0.0011
appeared (35.7)
Psychosis/hallucinations
Suitable word not 624/2083
appeared (30.0)
Suitable word 215/439 (49.0)  1.71 (1.46-1.99) <0.0001
appeared

CI = Confidence interval, HR= Hazard ratio.

Word not appeared

Word appeared ™

Survival (%)
3
1

T T T T
2 3 4 5

o
-

Time from PD diagnosis (years)

Fig. 2. Kaplan-Meier 5-year survival curves if psychosis/hallucinations -related
words appeared or not appeared within 3 years before PD diagnosis.

motor phase of PD, albeit belonging to the prediagnostic period. This
probably explains also the relatively high number of deceased patients,
as the true time period between disease onset and death was likely
considerably longer than 5 years. Moreover, another issue affecting
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mortality is that the study population included only PD patients treated
at the Turku University Hospital (main hospital and TUH regional hos-
pitals). PD patients with mild symptoms are usually receiving treatment
outside the university hospital (general practitioners and private prac-
titioners), whereas PD patients with severe symptoms and advanced
disease who have reduced survival are more often treated at university
hospitals.

Parkinsonism-, depression-, circulation-, and cancer-related expres-
sions within 3 years before PD diagnosis were not associated with
increased mortality. As expected, the appearance of parkinsonism-
related words was high in PD patients in the prediagnostic time period
(97.2%) and the very high prevalence of parkinsonism-related expres-
sions made longitudinal analyses less meaningful. Moreover, it is
important to note that the search allowed specific words to occur only
once in the same time period. Therefore, the appearance of an expres-
sion indicates merely that there was a certain symptom or health-related
problem without information on its severity. This, together with the
duration of follow-up (max 8 years), may explain why depression-, cir-
culation- or cancer-related expression was not associated with PD
mortality. Previous results about the association of depression with
mortality in PD are somewhat mixed. Some studies have reported that
depression is a predictor of decreased survival in PD [28], whereas some
studies have not found a significant association between depression and
PD mortality [29].

A limitation in any register-based PD study is the suboptimal diag-
nostic accuracy. As psychosis/hallucinations-related words included
expressions related to antipsychotic drugs (clozapine, quetiapine, ris-
peridone), there is a possibility of drug-induced parkinsonism in some
patients. In addition, some patients with an early presentation of hal-
lucinations may eventually receive a diagnosis of Lewy body dementia.
However, all PD diagnoses in the study cohort were based on individual
clinical examinations by neurologists using formal diagnostic criteria
which reduces the possibility of misdiagnoses.

As EHRs are becoming more prevalent in medical care worldwide, a
similar automated analysis of PD medical texts is possible in many re-
gions. EHRs may be used to assess study feasibility, facilitate patient
recruitment, and streamline data collection at baseline and follow-up
[30]. Although this method provides advantages by enabling in-
vestigations of massive sample sizes, there are limitations that should be
taken into account when the results are interpreted, such as less reliable
documentation, possibility of missing data, and difficulty in verifying
documented information. Moreover, the variability in the quality of
documentation among health care professionals affects data quality.
Given these limitations, our method is best at generating research hy-
potheses to be tested using other methods.

To conclude, we have demonstrated a methodological approach for
PD research that can be used to mine large clinical samples of patients.
We suggest that the method can be used to bring previously undetected
clinically relevant factors to the surface. The validity of the method can
be observed in text mining of EHRs in early stages of PD, which shows
that psychosis/hallucinations, cognition and constipation-related words
are related to worse survival, as previously reported using other
methods of investigation.
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