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Abstract.

Background: Different studies, mostly with limited cohorts, have suggested the effects of patients’ characteristics on levodopa
(LD) pharmacokinetics.

Objective: We primarily aimed at investigating in a large population the relationship between patients’ features and LD
kinetic variables, to assess the main demographic and clinical predictors of LD clinical pharmacokinetics.

Methods: The study was retrospective, based on data collected from subjects with parkinsonism on chronic LD undergoing
LD therapeutic monitoring (TM). LD TM includes serial quantitative motor tests and blood samples to measure plasma drug
concentrations after each subject’s chronically taken first-morning LD dose intake.

Results: Five hundred patients, 308 males (61.6%), mean (SD) age of 65 (10.1) years were included. Parkinsonian symptoms
and LD therapy lasted 5.5 (4.5) and 3.4 (3.9) years, respectively. MDS-UPDRS part III “off” score was 28.8 (15.2). LD
dose was 348.2 (187.1) mg/day. From multiple linear regression analysis, test dose, sex, type of LD decarboxylase inhibitor,
weight and MDS-UPDRS part III score were linear predictors of both LD peak plasma concentration (Cyay) (R?>=0.52) and
area under the 3-h plasma concentration-time curve (AUC) (R?=0.71), while age was a further predictor only for AUC.
Besides test dose, sex was the strongest independent contributing variable to LD AUC, which resulted 27% higher in females
compared to males.

Conclusion: This is the largest collection of data on the relationship between demographic and clinical-therapeutic variables
and LD kinetics in patients with parkinsonian symptoms. As a main clinically practical finding, women might require a 25%
reduced weight-normalized LD dose compared with men to achieve the same LD bioavailability.
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INTRODUCTION

Since its introduction in 1960, levodopa (LD)
remains the most effective symptomatic treatment
available for Parkinson’s disease (PD). The drug has
complex pharmacokinetics, resulting in wide fluc-
tuations in plasma concentrations after each dose
intake which are matched, as the disease progresses,
to swings in the therapeutic response (“wearing-off”
phenomena). In the more advanced stages of PD, it is
possible to observe the emergence of complications
at low LD plasma concentrations and the appearance
of dyskinesias related to both high LD “peak” and
low, “subtherapeutic” plasma levels. Recognition of
these complicated response patterns can be difficult
on a clinical basis alone and simultaneous monitoring
of LD concentration-effect relationship may prove
useful to disclose the underlying pattern [1].

For many years we have developed and imple-
mented protocols for kinetic-dynamic therapeutic
monitoring (TM) of LD, based on each subject’s
chronically taken first-morning LD dose standard-
ized intake and the performance of serial fixed-time
quantitative motor tests coupled with blood samples
to measure plasma drug concentrations [2,3]. This
subacute LD challenge test is not for diagnostic pur-
poses and is never applied to LD naive subjects.
Through the assessment of both kinetic (LD time to
peak and peak plasma concentration) and dynamic
variables (latency to onset, duration, and extent of
motor response), LD TM aims to individualize drug
treatment from the early disease stages in PD patients
[2] and modify it according to disease progression,
searching for the minimum necessary drug dosing
with time [4].

An integral part of LD TM is the contextual
standardized collection of a series of demographic,
clinical, and therapeutic variables and lifestyles (Sup-
plementary Table 1). According to different studies,
mostly based on limited patients’ cohorts, some
of these variables can affect LD pharmacokinetics
[5-11] and the related response [11-14].

The main aim of this work was to investigate the
relationship between LD pharmacokinetic variables
and patients’ demographic, clinical-therapeutic fea-
tures drawing from a large sample of subjects with
parkinsonism undergoing LD TM. The secondary
aim was to assess in the same patients the potential
relationship between LD pharmacokinetic variables
and motor/dyskinetic response. The final goal was
to predict the main demographic and clinical deter-
minants of LD clinical pharmacokinetics, which may

assist clinicians to optimize drug dosing in individual
patients.

MATERIALS AND METHODS

Patients

The study design was retrospective, analyzing data
prospectively collected as part of LD TM. The pro-
tocol was approved by the Ethics Committee of the
Bologna Local Health Trust, CE number 137-2021-
OSS-AUSLBO. Subjects’ informed consent was not
required for this type of study. The analysis involved
both outpatients and inpatients with parkinsonian
symptoms, not limited to PD but possibly including
also neurodegenerative atypical parkinsonisms (APs)
or vascular parkinsonism, receiving chronic LD ther-
apy who underwent LD TM between January 14,
2015 to December 30, 2020.

Inclusion criteria were: LD chronic therapy for at
least 3 months, using standard-release formulations
in combination with dopa decarboxylase inhibitors
(DCIs) benserazide (BZ) or carbidopa (CD), at the
same 4 : 1 ratio; no change in dosage of LD and con-
comitant antiparkinsonian drugs over the preceding
week.

Exclusion criteria were: LD naive subjects; treat-
ment with LD/CD formulations at 10:1 ratio;
treatment with LD extended-release formulations;
concomitant use of catechol-O-methyltransferase
(COMT) inhibitors (entacapone, opicapone, tol-
capone); enterally administered levodopa/carbidopa
gel therapy; evidence of measurable plasma LD con-
centrations as early as TO, before LD test dose
intake.

Levodopa kinetic-dynamic therapeutic
monitoring protocol

The protocol of LD TM is depicted in Supple-
mentary Table 2. After an overnight fast and a 12-h
washout of LD and any concomitant antiparkinso-
nian drugs, patients receive their chronically taken
first morning dose of LD/BZ or LD/CD together with
100 mL tap water. Blood venous samples (4 mL) for
LD plasma concentration analysis are drawn imme-
diately before the LD dose, at 15-min intervals for
the first 90 min, then half-hourly up to 3 h after dos-
ing. Blood specimens are transferred into heparinized
tubes (16 IU heparin/mL blood) and centrifuged at
1700 x g for 10 min at 4°C. Plasma is separated and
stored at—80°C until analysis of LD (routinely within
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two weeks) by high-performance liquid chromatog-
raphy with coulometric detection [15].

At the same time patients’ motor response to the
LD test dose is assessed by the alternate index finger
tapping test using a computerized touch screen sys-
tem (mHealth Technologies srl, Bologna, Italy) [3]
and the Timed Up and Go test (TUG) [16]. Possible
LD induced dyskinesias (LIDs) are rated simulta-
neously by the Clinical Dyskinesia Rating Scale
(CDRS) [17].

All patients are clinically assessed before (“off
state””) and after 60—90 min (“on state”) LD test dose
through Hoehn & Yahr [18] and Movement Disor-
der Society Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS part III) [19]. At the same time sys-
tolic and diastolic blood pressure and heart rate are
evaluated in clinostatic position and at minute 3 of
standing. The same standard low protein breakfast
(tea or barley coffee with biscuits) is eaten by all
patients 75-90 min after LD dosing.

A comprehensive list of demographic, clinical,
therapeutic, and lifestyle information is collected
as an integral part of LD TM, reported in Sup-
plementary Table 1. LD equivalent daily dose was
calculated according to Schade et al. [20]. Clini-
cal diagnosis can be still undefined at the moment
of LD TM and a “suspected diagnosis” is gener-
ally registered. Most patients included in the present
study were also followed up according to clinical
practice with routine evaluations every 6—12 months
at our Institute. Diagnoses for each patient were
revaluated for the present analysis based on the
information available at last visit according to the
international diagnostic criteria for PD [21] or for
APs: multiple system atrophy (MSA) [22], dementia
with Lewy bodies (DLB) [23], progressive supranu-
clear palsy (PSP) [24], corticobasal degeneration
(CBD) [25], or for type 2 insidious onset vascular
parkinsonism [26]. All diagnoses were independently
confirmed by three neurologists expert in movement
disorders.

LD kinetic variable determination

LD peak plasma concentration (Cp,x) and time to
peak (tmax) are the observed values. The area under
the 3-h plasma concentration-time curve (AUC) is
calculated according to the linear trapezoidal rule by
SigmaPlot 12.5 software (Systat Software, San Jose,
CA, USA).

Based on previous reported data, fasting LD
absorption is expected rapid, with ty,x ranging from

15 to 60 min in the majority of subjects [27, 28]. Tak-
ing into account our further experience [2], we set up
the cut-off for a “rapid” LD fasting oral absorption at
tmax vValues <45 min.

LD dynamic variable determination

Latency to onset of motor response is calculated
as the time taken for tapping frequency to increase
and/or TUG total time to decrease >15% of baseline
values [29]; duration of motor response is calculated
as the time from onset of response to the return within
15% of baseline values. A clinically significant motor
response pattern is defined as a sustained (>30 min)
increase in tapping frequency and/or decrease in TUG
total duration >15% over baseline values; a clini-
cally non-significant motor response is defined by a
variation in tapping frequency and/or TUG total dura-
tion <15% of baseline values [30]. The cut-off for a
timely onset of motor effect is set at <45 min [2]. The
subacute LD motor response is defined “fluctuating”
when return to <15% of baseline values is observed
within 180 min, i.e., the maximum length of LD TM
monitoring, and “stable” when no return is observed
within 180 min.

Statistical analysis

Patients’ characteristics were summarized by mean
and standard deviation (SD) or median and interquar-
tile range (IQR) for the continuous variables, and with
absolute (n) and relative (%) frequency for categorical
variables. Normality of continuous variables distri-
bution was checked using the Skewness-Kurtosis
test. Continuous variables were compared by Mann-
Whitney U test or Student’s t test, while categorical
variables by Chi-square test.

Distribution of milligrams of LD per kg, Cipax and
AUC range for administrated test dose were graph-
ically represented by box plot. Linear association
between milligrams of LD per kg and pharma-
cokinetic parameters was expressed by Spearman
correlation coefficients.

Univariate linear regression models were per-
formed to quantify the relationship between each
pharmacokinetic parameter (dependent variable) and
matched patients’ characteristics (independent fac-
tors); subsequently, factors found to be clinically
relevant and significant in the univariate analysis were
entered into a multiple linear regression model. Value
assumed by each dependent variable was predicted
through the best linear combination of indepen-
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dent variables. All Ordinary Least Square regression
assumptions were checked.

Analyses were performed by means of STATA SE
version 16 software (Stata Corporation LLC, College
Station, TX, USA).

RESULTS
Patients’ characteristics

LD TM reports of five hundred patients, 308 males
(61.6%) and 192 females, mean (SD) age of 65 (10.1)
years were eligible for the analysis according to inclu-
sion and exclusion criteria. Complete clinical and
demographic data of the patients are summarized
in Table 1. Mean (SD) parkinsonian symptom and
LD therapy duration were 5.5 (4.5) years and 3.4
(3.9) years, respectively. Severity of symptoms in the
“off” state was 2.2 (0.8) on the H&Y scale and 28.8
(15.2) on the MDS-UPDRS part III. Mean (SD) LD
dose was 348.2 (187.1) mg/day, combined with BZ in
75.8% of patients. From patients’ clinical diagnosis
revaluation, 373 subjects (75%) were classified as PD
and 121 (25%) as APs. No vascular parkinsonism was
detected. Six subjects had missing diagnoses. The
two groups did not differ for the majority of collected
demographic and clinical variables, with the excep-
tion of age and severity of symptoms which resulted
significantly higher in AP patients (Supplementary
Table 3).

LD kinetic variables

With regard to the LD test dose, 50 mg were admin-
istered to 11 patients (2.2%), 100 mg to 413 (82.6%),
150 mg to 33 (6.6%), and 200 mg to 43 (8.6%). The
relationship between each administered test dose,
expressed in mg, and matched mg/kg dose, Cpax,
AUC and tyax values is depicted in Fig. 1; reference
median values (IQR) for each variable by different
LD doses are reported in Supplementary Table 4.

Overall, weight-normalized LD test dose posi-
tively correlated with both AUC (rho=0.71) and
Cmax (tho=0.52) (Fig. 2). No significant correla-
tion emerged between LD test dose (mg/kg) and tpax
(rho <0.30). An optimal positive correlation between
Cmax and AUC was also found (rho =0.83) (Fig. 3).
A negative, weak correlation was apparent between
LD Cpax and tpax (tho=-0.35). No correlation was
found between AUC and t,,x (tho <0.30).

A rapid LD absorption was recorded in 74.4% of
subjects: LD tpax <45 min was matched to higher

Cmax (p<0.001) and AUC (p<0.001), normalized
for weight-adjusted test dose compared to tmax
>45 min (Fig. 4). No significant differences emerged
in patients’ clinical and therapeutics characteris-
tics, including the percentage use of gastrointestinal
agents, between patients with rapid vs. delayed LD
absorption. A LD absorption pattern characterized by
double/multiple plasma peaks was detected in 8.4%
of patients.

Relationship between LD kinetic variables and
patients’ characteristics

From multiple linear regression analysis, test dose,
sex, type of DCI, weight, and MDS-UPDRS “off”
scores were found to be significant linear predictors of
both Cphax and AUC, while age was a further predictor
only for AUC (Table 2). All these parameters jointly
explain 51% and 73% of the variability of Cy,x and
AUC, respectively. The same model did not prove
suitable in predicting the tmay variability (R> =0.09).
Based on this model, besides test dose, sex was the
strongest contributing variable to LD AUC: compared
to a “median” male patient (aged 66 years, weighted
73 kg, treated with LD/BZ, receiving a LD test dose
of 100 mg, witha MDS-UPDRS part III “off” score of
27), a “median” female patient with the same clinical
and therapeutic features was characterized by a 27%
higher LD AUC. Main differences in demographic
and clinical-therapeutic variables between males and
females are reported in Table 3.

Furthermore, LD/BZ formulation resulted in 8%
higher AUC compared with LD/CD. Weight, MDS-
UPDRS part IIT and age were weaker contributing
factors to LD AUC: as an example, a 10kg weight
loss was associated with a 9% increase in AUC; a
10-point worsening on the MDS-UPDRS or a 10-
year increase in age were both associated with a 4%
increase in AUC.

Median values of LD Cy,,x and AUC corrected for
drug test dose (mg/kg) were significantly higher in
females compared with males and subjects treated
with LD/BZ compared with LD/CD (Fig. 5). Median
tmax values of 30 (30—45) min were similar between
females vs. males and LD/BZ vs. LD/CD, although
their distribution proved statistically different in both
comparisons. In particular, the percentage of subjects
with tpax values lower than median was significantly
higher in females vs. males (66% vs. 52%, p=0.001)
and in subjects treated with LD/CD compared with
LD/BZ (71% vs. 53%, p <0.001).
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Table 1

Demographic, clinical, therapeutic variables, and lifestyles of enrolled patients

Variables All patients (n=500) N° valid (%)
Age (y) 66 (58 —73) 500 (100)
Sex 500 (100)

Male — n° (%) 308 (61.6)

Female — n° (%) 192 (38.4)
Weight (kg) 73 (63 - 82) 500 (100)
Height (cm) 170 (162 - 175) 498 (99.6)
BMI (kg/cm?) 25 (23 -28) 498 (99.6)
Duration of parkinsonism (y) 43-7) 496 (99.2)
Duration of LD treatment (y) 2(1-5) 464 (92.8)
Clinical diagnosis 494 (98.8)

Parkinson’s Disease — n° (%) 373 (75.5)

Atypical Parkinsonism — n° (%) 121 (24.5)
LEDD (mg/kg/day) 369 (200 - 560) 497 (99.4)
H&Y scale (“off”) 2(2-2.5) 424 (84.8)
MDS-UPDRS part III (“off”) 27 (17 - 38) 492 (98.4)
MDS-UPDRS part I1I (“on”) 19 (11 - 30) 494 (98.8)
Decarboxylase inhibitor 500 (100)

Carbidopa — n° (%) 121 (24.2)

Benserazide — n° (%) 379 (75.8)
Antiparkinsonian cotherapies 500 (100)

Dopamine agonists — n° (%) 216 (43.2)

MAO-B inhibitors — n° (%) 75 (15.0)

Amantadine — n° (%) 27 (5.4)
Other cotherapies 500 (100%)

Antihypertensive — n° (%) 217 (43.4)

Heart disease — n° (%) 100 (20.0)

Cholesterol lowering — n° (%) 83 (16.6)

Gastrointestinal disorders — n° (%) 61 (12.2)

Antidiabetic — n° (%) 30 (6.0)

Hypothyroidism — n° (%) 29 (5.8)

Antidepressant — n° (%) 155 (31.0)

Antipsychotic — n° (%) 15 (3.0)

Prostatic hypertrophy — n° (%) 69 (13.8)
Coffee consumption — n° (%) 340 (69.1) 492 (98.4)
Alcohol consumption — n° (%) 204 (41.7) 489 (97.8)
Cigarette smoke consumption — n° (%) 60 (12.2) 493 (98.6)

Values are expressed as median (interquartiles). BMI, body mass index; LD, levodopa; LEDD,
levodopa equivalent daily dose; H&Y, Hoehn & Yahr; MDS UPDRS, Moveme-nt Disorder Society
Unified Parkinson’s Disease Rating Scale; MAO-B, monoamino oxidase-B.

No difference was found in median LD Cpx
between patients with PD and APs, with respec-
tive values of 1.30 (0.98 — 1.68) vs. 1.27 (0.91 —
1.76) [(mg/L)/(mg/kg)], (p =0.730). Median ty,x was
30 (30-45) min in both groups (p =0.920). Median
LD AUC was marginally higher in AP patients,
possibly related to the older age of this group:
98.58 (85.4-119.88) vs. 94.47 (80.7-110.3) [(mg/L)
x min]/(mg/kg), (p =0.042).

Relationship between LD kinetic variables and
motor/dyskinetic response

As far as LD therapeutic effect is concerned, a
clinically significant subacute motor response pat-
tern was recorded in 409 (82%) of patients. Patients

with rapid absorption were 33% more likely to have
a timely onset (<45 min-latency) of motor response:
RR=1.33 (1.10-1.60), p<0.001.

No difference emerged in LD Cp,x and AUC,
both normalized for weight-adjusted test dose, and
tmax between “responder” and “non-responder” sub-
groups. Similarly, among responders LD kinetic
variables were similar between patients with a sta-
ble response pattern (n=229, 56%) compared with
those with a fluctuating one. The main differences
in patients’ clinical and therapeutic features between
responders and non-responders are reported in Sup-
plementary Table 5. In particular, responder patients
were characterized by a longer duration of parkinson-
ism (p <0.001) and LD treatment (p =0.006), higher
LD daily dose (p=0.043), and LEDD (p =0.002).
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The percentage of responders was greater in females
(88%) than in males (78%), p=0.002. No signifi-
cant difference emerged between PD (81%) and APs
(77%) (p=0.264).

Dyskinesias were registered in 139 patients (28%).
Patients with dyskinesias showed significantly higher
median values of LD test dose (mg/kg) normalized —
AUC (99.99 vs. 94.45, p=0.033) and Cppax (1.38 vs.
1.27, p=0.041) compared with non-dyskinetic ones.
Median ty,x values of 30 (30—45) min were sim-
ilar between the two groups, but their distribution
showed a significantly higher percentage of lower
than median values in the dyskinetic patients (67%
vs. 54%, p=0.007).

Main differences in clinical-therapeutic features
between the two groups are reported in Supplemen-
tary Table 6.

Among the others, dyskinesias were more fre-
quent in females (p<0.001) and associated with
longer duration of disease (p <0.001) and LD therapy
(»<0.001), higher severity of symptoms (p <0.001),
LD daily dose (p <0.001) and LEDD (p < 0.001). Fur-
thermore, in patients with dyskinesias 85% were PD
vs. 15% APs (p=0.003).

DISCUSSION

This is to our knowledge the largest collection of
matched LD kinetic and dynamic data obtained by
means of a subacute LD test dose in a population
of subjects on chronic LD treatment, including not
only PD but also APs. Overall, this cohort is rep-
resentative of patients at a moderate disease stage,
with relatively short duration of parkinsonism, treated
with low-medium LD daily dosages. The following
considerations are of note:

— First morning LD dose intake standardized with
respect to time and kind of breakfast proved to assure
a rapid drug absorption in the large majority of sub-
jects. A timely and predictable LD Cp,x after each
dose intake is very important clinically, especially
in the more advanced PD stages, when the pattern
of response closely reflects the rapid rise and fall

Fig. 1. Box plots of levodopa: A) peak plasma concentration; B)
area under the 3-hour plasma concentration-time curve; C) time
to peak plasma concentration; D) test dose, in milligram per kilo-
gram, by different test doses, in milligram. Box plots depict the
range between the 25th and 75th percentiles of the data. The hori-
zontal line marks the median value; capped bars indicate 10th-90th
percentiles. Black circles represent outlying values. The number
of patients for each test dose is reported in brackets.
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Fig. 4. Box plots of levodopa: A) peak plasma concentration; B)
area under the 3-h plasma concentration-time curve, both nor-
malized for weight-adjusted test dose by time to peak plasma
concentration. Box plots depict the range between the 25th and
75th percentiles of the data. The horizontal line marks the median
value; capped bars indicate 10th-90th percentiles. Black circles
represent outlying values. p, significance of comparison by Mann-
Whitney U test.

in plasma LD concentrations [1] and progressively
higher “therapeutic threshold” of cerebral drug lev-
els emerge [2,31]. From our data a rapid (i.e., <45
min-LD ty,%) pattern of LD dose absorption was
associated with median 33% higher values of weight-
normalized LD Cp,x and 10% higher AUC compared
with a delayed, >45 min-LD ty,x pattern. Overall,
LD Chax and AUC were linearly related to matched
mg/kg LD test dose, an important drug characteris-
tic in clinical practice, as it may facilitate physicians
in patients’ dose adjustments. However, at a given
dosage, a large intersubject variation, especially in
Cmax, Was apparent.

— Results of multiple linear regression anal-
ysis between LD pharmacokinetic parameters
and patients’ characteristics partly confirmed and
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Table 2

Multiple linear regression
A) Dependent variable: Cpax (R2=0.51)
Coefficients Estimate Std. Error t value p
(intercept) 0.98 0.42 2.34 0.020
Age (y) 0.003 0.004 0.76 0.450
Weight (kg) -0.01 0.003 -3.65 <0.001
Sex

Male (base)

Female 0.54 0.08 6.50 <0.001
MDS-UPDRS part III “off” 0.01 0.003 291 0.004
Test dose (mg)

50 (base)

100 0.87 0.24 3.66 <0.001

150 1.39 0.28 5.03 <0.001

200 3.20 0.27 11.69 <0.001
Dopa decarboxylase inhibitor

Carbidopa (base)

Benserazide 0.28 0.09 3.28 0.001
B) Dependent variable: AUC (R?=0.73)

Coefficients Estimate Std. Error t value P
(intercept) 72.36 20.59 351 <0.001
Age (y) 0.48 0.18 2.68 0.008
Weight (kg) -1.08 0.14 -7.65 <0.001
Sex

Male (base)

Female 34.00 4.05 8.39 <0.001
MDS-UPDRS part III “off” 0.49 0.13 3.80 <0.001
Test dose (mg)

50 (base)

100 77.22 11.76 6.56 <0.001

150 145.85 13.60 10.72 <0.001

200 261.88 13.46 19.46 <0.001
Dopa decarboxylase inhibitor

Carbidopa (base)

Benserazide 10.13 4.19 2.42 0.016

Chax. peak plasma concentration; MDS-UPDRS, Movement Disorder Society Unified Parkin-
son’s Disease Rating Scale; AUC, area under the plasma concentration-time curve.

Table 3
Differences in demographic and clinical-therapeutic variables between females and males

Variables Females (n=192) Males (n=308) p
Age (y) 64 (57-172) 67 (59 -74) 0.025
Weight (kg) 63 (57-72) 78 (70 — 87) <0.001
Height (cm) 160 (158 — 165) 173 (170 - 179) <0.001
BMI (kg/cm?) 24.4(22.1 -28.0) 25.9 (23.8 -28.5) 0.001
Duration of LD therapy (y) 2(1-5) 20.5-4) 0.029
LD test dose (mg/kg) 1.6 (1.4-1.9) 1.3(1.2-1.6) <0.001
Amantadine — n® (%) 17 (8.9) 10 (3.6) 0.007
Other cotherapies

Antihypertensive — n° (%) 67 (34.9) 150 (48.7) 0.002

Ipothyroidism — n° (%) 19.(9.9) 10 (3.3) 0.002

Antidepressant — n° (%) 74 (38.5) 81 (26.3) 0.004
Coffee consumption — n° (%) 119 (63.3) 221 (72.7) 0.028
Alcohol consumption — n° (%) 46 (24.6) 158 (52.3) <0.001

Values are expressed as median (interquartiles). BMI, body mass index; LD, levodopa.

extended in a larger cohort previous observations by
Nishikawa et al. [11]. In particular, sex proved to be
the strongest independent contributing factor to LD
bioavailability [11], as indicated by 27% higher drug

AUC in females vs. males. In the past a pivotal role of
body weight was suggested in explaining sex-related
differences in LD bioavailability [7, 12]. From our
results, LD AUC and Cpax were higher in females
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Fig. 5. Box plots of levodopa: A) peak plasma concentration; B) area under the 3-h plasma concentration-time curve, both normalized for
weight-adjusted test dose by sex (upper section) and dopa decarboxylase inhibitor (lower section). Box plots depict the range between the
25th and 75th percentiles of the data. The horizontal line marks the median value; capped bars indicate 10th-90th percentiles. Black circles
represent outlying values. p, significance of comparison by Mann-Whitney U test.

than in males also after adjusting for body weight.
These findings are in keeping with data reported in
PD patients on chronic LD therapy [9, 11] and more
recently at their first-ever intake of LD [32]. Mecha-
nisms underlying sex difference in LD bioavailability
are still unclarified [9, 11, 13, 14]. Among the oth-
ers, possible differences in metabolic LD elimination
pathway mediated by COMT enzymes have been sug-
gested [11, 13, 14].

Furthermore, LD/BZ formulation at the 4 : 1 ratio
was associated with higher LD AUC, compared with
LD/CD at the same 4:1 ratio. This increase (8%)
was of similar order of magnitude of that reported
by Nishikawa et al. (11%) [11], which, however, was
potentially conditioned by the different LD/DCI ratio
(4:1for LD/BZ vs. 10 : 1 for LD/CD) of the two com-
pared formulations [10]. Median weight-normalized
LD Cpax were 20% higher in patients treated with
LD/BZ vs. LD/CD, a notion which should be kept
in mind in the individualization of optimal LD ther-
apy, especially in patients experiencing fluctuations
in motor response and “peak” LIDs. The difference
in median weight-normalized LD AUC between the
two formulations, although significant, was of lesser
extent, around 6%. These findings are in line with
data reported by Iwaki et al. [10] and might reflect

the different kinetic profiles and matched inhibitory
patterns of the two DClIs, characterized by a rapid
increase and decrease of plasma concentrations for
BZ and a slower increase and decrease for CD [10].

Among the other patients’ characteristics, aging
confirmed to be associated with higher LD AUC,
while no association was found for Cp,x. Age-
mediated differences in LD bioavailability have been
already reported [5, 8, 11], mainly ascribable to a
reduction in the systemic clearance of drugs [5, 8]. In
line with our previous observations [5] the effect of
age was modest and likely of minor importance for
the dosing schedule.

Unexpected was the result of higher LD Cpax
and AUC with the increase of MDS-UPDRS part
III “off” score. This finding had not emerged from
our previous studies, both cross-sectional [3, 33] and
intrasubject [34]. To our knowledge only one study
has reported so far evidence of higher LD bioavail-
ability at more advanced disease stages [35]. This
evidence is difficult to explain. It has been suggested
that it might result from reduced peripheral activ-
ity of LD metabolizing enzymes and/or a better LD
duodenal absorption due to impaired enteric motility
with parkinsonism progression [35]. As for aging,
the contribution of the severity of symptoms to LD
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bioavailability proved modest and probably clinically
negligible.

— As far as the relationship between LD phar-
macokinetic variables and LD motor response is
concerned, we did not find any significant difference
in median weight-normalized LD Cpax and AUC
between “responder” and “non-responder” patients’
subgroups and between subjects with “stable” vs.
“fluctuating” response pattern. These findings are in
keeping with previous reports [29, 33, 34, 36, 37] fur-
ther supporting the notion that the motor response to
LD is the result of a complex interplay between cere-
bral LD kinetic mechanisms and the type and degree
of degeneration of the nigrostriatal dopaminergic sys-
tem [3].

Furthermore, in line with our previous findings [3,
38] LD pharmacokinetics were similar in patients
with PD and APs. The two groups also did not dif-
fer in the percentage of “responders”, supporting the
notion that an initial and temporary response to LD
therapy may be present in AP patients, especially at
disease onset [3, 38].

Of note, non-responder patients were clinically
characterized by a shorter duration of symptoms and
LD therapy. A mild and short duration of parkinson-
ism may account for the lack of a detectable subacute
motor response, when a LD-compensated stable sit-
uation during the day is common [30].

— The presence of dyskinesias was associated with
higher Cax and AUC, normalized for LD test dose.
This finding could partly reflect the significantly
higher percentage of female subjects in the dyski-
netic subgroup. In literature, data on the relationship
between LD kinetics and dyskinesias after subacute
LD challenge are conflicting. In one of our previ-
ous studies based on a smaller cohort of PD patients,
LD kinetics proved similar in patients with and with-
out dyskinesias [14]. Similarly, LD Cpax and AUC
did not relate to dyskinesias according to Nishikawa
et al. [11], while they proved significantly higher in
dyskinetic subjects according to Shiraishi et al. [39].
Differences in patients’ inclusion criteria and dysk-
inesias assessment might partly account for these
discrepancies.

Besides female sex predominance, patients with
dyskinesias were characterized by clinical and
therapeutic variables which accompany disease pro-
gression, such as longer parkinsonism duration,
higher LD daily dose, LEDD and a clinical diagnosis
of PD. The higher proportion of amantadine co-
prescription among dyskinetic patients is explained
by its recognized properties in countering LIDs [40].

With the exception of female sex, we previously
found all these variables to be related to LIDs [14].
Younger age, BZ use and higher LEDD have been
reported as risk factors for LIDs by Shiraishi et al.
[39].

Conclusion

Our results give a picture of the relationship
between demographic, clinical, and therapeutic vari-
ables and LD kinetic pattern in the largest cohort
of patients with parkinsonism available so far. One
strength of the paper is that our findings were all
obtained from a single site with uniform and highly
standardized methodology, allowing a systematic,
homogeneous assessment of the real patient sample.
Among the limitations, our cohort included a het-
erogeneous parkinsonian population not limited to
clinically diagnosed PD, with potential bias.

Sex proved the strongest determinant of LD
AUC. As the most relevant clinically practical
finding, women might require a 25% reduced weight-
normalized LD dose compared with men to achieve
the same LD bioavailability, possibly contributing to
minimize the development of LIDs in the long term.
Controlled studies with proper follow-up are needed
to confirm this evidence and possibly include it in
precision medicine guidelines.

Furthermore, the notion of 20% higher LD Cpax
in patients treated with LD/BZ vs. LD/CD at the
same 4 : 1 ratio should be kept in mind in the indi-
vidualization of optimal LD therapy, especially in
patients experiencing fluctuations in motor response
and “peak” LIDs.
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