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Summary 
Tremor is a well-known adverse effect from tacrolimus, but its specific characteristics have yet 

to be described in full. The pathophysiology of CNI-induced tremor is not known. In this study, 

a method for contactless tremor measurements is introduced, utilizing a commercially available 

Leap Motion Controller. The controller, which through its three infrared LEDs and two high-

resolution cameras, is able to discern anatomical points in the hand. This setup allows for the 

collection of digit-specific tremor-measurements. These measurements have been performed 

on kidney-transplant recipients before and after transplantation. 

We have developed a portable program allowing for the rapid and organised collection of 

tremor measurements, which can run on most modern operating systems. Together with a set 

of exercises intended to provoke and exacerbate tremor, supported by literature and clinical 

experience, a preliminary protocol for the investigation of tremor was designed. 

Following tremor measurements and blood draws from 27 kidney-transplant recipients, we 

were able to detect a significant increase in tremor amplitude following transplantation and 

exposure to tacrolimus. Additionally, we found a significant difference in the dominant tremor 

frequency. This frequency was not affected by applying a 225-grams wrist weight while 

maintaining a posture against gravity. Finally, logistic regressions strongly indicate an 

exposure-effect relationship between peak tacrolimus concentration, area-under-the-curve, 

dose, and peak-to-trough variability against tremor. 
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1 Introduction 
The first long-term successful kidney transplantation was performed on Richard Herick by Dr 

Joseph Murray with others in 1954 (1). The transplanted organ came from Herick’s twin 

brother, which later proved to be crucial in terms of immunogenic compatibility. Mr. Herick 

survived for eight years following the transplantation, breaking every record at the time. This 

observation sparked the development of immunosuppressive regimens. 

Prior to this success, decades of animal and cadaver transplants sought to perfect the procedure. 

Surgical procedure was at first thought to be the critical factor, attributing to the kidney its 

complex structure and function. However, this could not explain the vast variation in 

survivability following xeno- and allografts. Georg Schöne coined the term “transplantation 

immunity” in 1908, following his research on skin grafts in mice. Rats pre-treated with a 

preparation of organs from the donor necrotised the skin-grafts much faster than their un-treated 

counterparts. These experiments indicated that the rejection mechanism was the same for both 

xenogeneic and allogeneic grafts. (2) 

With careful donor selection and proper host preparation physicians aimed to blur the lines 

between allotransplantation to autotransplantation. Initially, total body irradiation together with 

prednisolone was used to attempt suppression of the immune system. Murray et al. describe the 

modifications of recipients in the 1960s, where only 1 out of 12 patients survived the irradiation 

due to the following infections (3). Despite the low success rate, this was a significant 

breakthrough in surgery, as the surviving patient kept the kidney for years, and so they were 

able to transplant an organ from one genetically unique individual to another (4). 

Even though prednisolone was used, no other drug was available to reduce the immune 

response. After the unsuccessful use of 6-mercaptopurine in three human transplantations (5), 

the prodrug azathioprine was developed by Gertrude Elion and George Hitchings, and was later 

awarded the Nobel Prize for their discovery. Antibody preparations of anti-thymocyte globulin 

(ATG) and antilymphocyte globulin (ALG) became available in the 1970s for induction and 

were also used for treating steroid-resistant rejection. At this point, the success rate was about 

50% at one year, with a mortality of 10-20% (6). 

Calcineurin-inhibitors (CNI) later dominated the stage. In the 1980s, cyclosporine 

revolutionised organ transplantation and increased the success rate of renal transplantations to 
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over 80% at one year (6). In the SYMPHONY-study including 1645 patients, acute rejection in 

those receiving low-dose tacrolimus (C0 target 3-7 µg/L) was 12.3%, compared to those 

receiving standard-dose cyclosporine (25.8%), low-dose cyclosporine (24.0%), or low-dose 

sirolimus (37.2%). Mean estimated GFR at one year was also higher in the low-dose tacrolimus 

group (7). 

Tacrolimus, initially known as FK506, is considered a macrolide antibiotic and was first 

isolated from Streptomyces tsukubaensios. Its mechanism of action is similar to that of 

cyclosporine which is initiated by binding to cytoplasmic immunophilins. These are dubbed 

FKBPs (FK506 Binding Protein), for their affinity to tacrolimus. Once tacrolimus has entered 

the T-cells, it primarily binds to subtype FKBP12. The Tac-FKBP12 complex then 

dephosphorylates the family of transcription factors called nuclear factor of activated T-cells, 

NFAT, which is then able to pass through the nuclear membrane, where it reduces the 

transcription of several cytokines; IL-2, IL-4, interferon-γ, and TNF-α, providing 

immunosuppression (6, 8). 

Tacrolimus has a narrow therapeutic index, where renal and non-renal toxicity must be carefully 

balanced against the risk of allograft rejection. With more patients surviving the transplantation, 

the focus on non-desirable side effects became more apparent. Tacrolimus has several adverse 

effects, affecting several major body systems. Among these, adverse effects of the neural 

system are most common (tremors, headache, and neurotoxicity), followed by disorders of the 

hematologic and dermatologic system. Diarrhoea, nausea and increased susceptibility to 

infections are also frequent (9). 

Tremor, which is the most common adverse effect of tacrolimus, occurs in approximately 40-

82% of patients (9, 10). The proportion of patients experiencing tremor varies widely in 

literature, which may be due to conflicting ways to define tremor. Patients with tremor 

experience a significant reduction in quality of life (11, 12). One may speculate this to be 

explained by a decreased functional capacity, an increased sense of morbidity and associated 

social stigma. The pathophysiology of CNI-induced tremors is not known. The tremor appears 

typical of an enhanced physiological tremor, in that it is of low amplitude and high frequency, 

with little to no rest tremor. Another indicator is a reduction in tremor frequency when weight 

is applied (13). 
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The Task Force on Tremor, formed by The International Parkinson and Movement Disorder 

Society defines tremor as “an involuntary, rhythmic, oscillatory movement of a body part” (14), 

a definition which is accepted by most. There are several varieties of tremor, many with 

seemingly overlapping presentations, but different aetiologies. In general, it can be useful to 

differentiate between action tremor and resting tremor, with subtypes.  

Table 1- Short overview of tremor varieties (15, 16) 

Type of tremor Clinical features Common aetiologies 

Resting tremor   

Rest tremor Occurs when a limb is 
fully rested against 
gravity; becomes less 
prominent with voluntary 
movement. 

Parkinson’s disease. 

Action tremor   

Postural tremor Occurs when a posture is 
maintained against 
gravity. 

Physiologic tremor, 
essential tremor, drug-
induced tremor. 

Simple kinetic tremor Occurs during non-
targeted voluntary 
movement. 

Parkinson’s disease, 
intention tremor, drug-
induced tremor. 

Intention tremor Occurs during visually 
guided movements 
towards a target 

Cerebellar tremor 

 

Action tremor may reportedly vary in amplitude and frequency, ranging from 4-12 Hz, while 

intention tremor is usually below 5 Hz. (17) Intention tremor is a form of kinetic tremor, and is 

exacerbated towards the end of a visually guided goal-directed movement, e.g. pointing at a 

fixed target or reaching for a cup (15). 

John C. Morgan proposed the following criteria for assessing whether the tremor is drug-

induced (17);  

Exclusion of other medical causes of tremor (e.g. hyperthyroidism, hypoglycaemia);  
A temporal relation to the start of therapy with the drug;  
A dose-response relation (i.e. increasing the drug dose worsens the tremor, or 
decreasing the dose ameliorates the tremor); 
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Lack of tremor progression, unlike tremors in Parkinson’s disease and essential 
tremor.  

Assessing a dose-response relation for tremor may be difficult, especially when the changes in 

tremor are small. Most methods for evaluating tremor in the clinic are based on visual-analogue-

scales (VAS) or questionnaires. Additionally, subjective evaluation of tremor by the patient 

does not correlate well with clinician-based evaluation (18). 

There are several established methods for measuring tremor in the clinic. Perhaps most common 

are the Fahn-Talosa-Marin (FTM) scale, Washington Heights-Inwood Genetic Study of 

Essential Tremor (WHIGET), The Essential Tremor Rating Assessment Scale (TETRAS), and 

the Bain and Findley Spirography and Clinical Tremor rating scale (14, 19, 20). The Movement 

Disorder Society evaluated the different rating scales used in assessing tremor in 2013, where 

only the methods mentioned were designated as ‘Recommended’. This recommendation was 

based on three criteria: whether the scale is used in the assessment of tremor; if it has been used 

in studies not performed by the original developers; and if it has successful clinimetric testing 

(21). However, inter-rater variability contributes to the uncertainty of these methods (22). 

Tremors induced by tacrolimus has been studied before. However, the results from these studies 

vary significantly when it comes to tremor prevalence, frequency, and method of measurement. 

Erro et al. investigated the effect of CsA, TAC, and non-CNIs (e.g. sirolimus) on tremor in 126 

kidney-transplanted patients. Patients included were those over the age of 18 with two-weeks 

stable immunosuppressive treatment within therapeutic range. Patients with prior tremors or 

other movement disorders were excluded. Evaluation was based on the FTM-scale and a 

structured interview, in addition to a comprehensive neurological examination. Out of 67 

patients using TAC, tremor was observed in 82% of patients (n = 55), comparably higher than 

those using CsA (44%, n = 20 out of 32) or non-CNI (44%, n = 12 out of 27) (10). 

These findings may be compared to a selection of other studies that has included the adverse 

event tremor as a primary or secondary outcome, such as those outlined in Table 2 below. 
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Table 2- Brief overview of current literature on tacrolimus-induced tremors. 

Author(s) Year Prevalence 
[%] 

Method Organ Target 
trough 
[ng/ml] 

Note 

Paul 
et al. (13) 

2004 N/A† Accelerometer 
 

Bain and Findley 

Liver 2.6-19†† Dominant 
frequency 
reduced when 
weight (500g) 
was applied to the 
hands. 

Higher 
amplitudes in 
TAC-group vs. 
CsA, but no 
correlation to 
concentration. 

Levy 
et al. (23) 

2004 21 % Unknown Liver 5-12 Does not state 
criteria for 
tremor. 

Langone 
et al. (24) 

2015 N/A† “Tremorometer” 
(accelerometry) 

 
FTM 

QUEST 

Kidney 3-12 Renal transplant. 
 

“Tremorometer” 
not available 

Erro  
et al. (10) 

2018 82 % Neurologic 
examinations and 

interviews 

FTM 

Kidney 3-7 Increased tremor 

with  cholesterol 
(P = 0.010) 

Some rest 
tremors. 

Bulatova 
et al. (9) 

2011 40 % Unknown Kidney 4-7 Young recipients 
and donors.  

Margreiter 
(25) 

2002 12 % Unknown Kidney 5-15 Does not state 
criteria for 
tremor. 

† Tremor as criteria for inclusion 
†† No specified target, range listed is attained trough 
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The contents of Table 2 demonstrates the high variance in reported prevalence of tacrolimus-

induced tremor (12-82%) and methods of measurement.  

Technological advances in computing and sensor capability have led to an influx of potential 

tools to assess tremor more accurately. Ripin lists accelerometers, gyroscopes, inertial 

measurement units, electrogoniometer, electromyography, spirography, active optical and 

electromagnetic tracker systems as some of the many instruments that have been tried (26). In 

the search for a suitable tool, even digitally enhanced eating utensils has been evaluated (27). 

Most modern smartphones and smartwatches are rich in sensors, including accelerometers. 

With their size and availability, smartphones allow for on-demand or at-home measurements. 

Several applications have been developed to measure tremor, but only some of these are 

clinically validated. Inter- and intra-brand variability is a possible concern when employing 

these accelerometers. A general search performed in MEDLINE via PubMed with the terms 

[“Tremor” AND “Smartphone”] procured 30 results, with the majority published within the last 

2 years. 

 A 2017 review of thirty-four articles sought to investigate the validity and reliability of 

smartphone applications for clinical assessment of the neuromusculoskeletal system. Youssef 

et al categorised the articles into four groups: range of motion; posture and deformity; tremors; 

reflexes. The tremor category was ranked as of ‘poor quality, but only two articles were 

included in this category (28). While technology may inevitably catch up to the firm standards 

of medicine, new methods must be developed to cover the gap. 

Non-contact digital measurements could provide several advantages over smartphone- or 

smartwatch-based applications, especially in terms of hygiene. While the latter require firm 

contact, providing a possible vector for the spread of pathogens, non-contact measurements are 

as the name implies exempt from contact. A handful of articles were identified as using or 

developing new methods; for example Casacanditella et al. who attempted to characterise 

parkinsonism using a Microsoft Kinect and Laser Doppler Vibrometer in 2017 (29). 

 The Leap Motion Controller, developed by the U.S. based company Leap Motion Inc, uses 

three infrared diodes whose light is captured by two high-definition cameras. Together with a 

proprietary algorithm, it can distinguish the individual joints of the hand. This allows for the 

collection of position-time data for the entirety of the hand, providing a vast source of 
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information on the movements over time. Utilizing signal-analysis tools, one may be able to 

extract information on tremor of the hand, such as frequency and amplitude. 

Langone et al. investigated the effect of long-release tacrolimus on tremor using a variation of 

an accelerometer dubbed “Tremorometer”. While they state they have “the first sophisticated 

and reproducible measurement of tremor” (24), the Tremorometer is not commercially 

available, limiting the reproducibility of their results. 

There is literature suggesting a correlation between levels of immunosuppression and tremor 

(9, 24, 30, 31). Tacrolimus exhibits vast variation in bioavailability, making dose a poor 

predictor in terms of systemic exposure to tacrolimus. Pharmacokinetic variables such as peak, 

trough, and area under the curve (AUC) is better suited to predict exposure for personalised 

therapy (32). Evaluating these variables against tremor may allow for the prediction and 

potential reduction of tremor in kidney-transplant recipients. 
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1.1 Aim 

The primary aim of this research project is to develop a method for the quantification of 

tacrolimus-induced tremor using a contact free device, i.e. Leap Motion Controller. 

Additionally, the correlation between tremor and the systemic exposure of tacrolimus will be 

investigated. 

Based on the premises presented in the introduction, the following assumptions will be 

evaluated: 

Tacrolimus-induced tremor has an exposure-response relationship to tacrolimus  
 
Tacrolimus-induced tremor has a unique “signature”, e.g. frequency and amplitude 
 
The Leap Motion Controller is a feasible diagnostic tool for tremor measurements 
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2 Method and materials 
Three key components were identified as necessary for the study; software development, data 

collection, and signal analysis. Software development began in January 2018 and lasted until 

March 2018 for version 1.0. Data collection lasted from April until November same year, with 

signal analysis performed in parallel. 

Optimal conditions would have the software finished, and a method for analysis ready in 

advance of data collection. This was not the case, and as such both the data collection and 

analysis underwent several changes from start to finish. A feedback-loop controlled the 

progression, where problem identification and solving worked in tandem to advance the 

method.

 

A distinct drawback to this design is that the first and last measurement will differ, and so the 

variability may be high. It is therefore essential to account for this in sampling and analysis. 

MATLAB version 2018b (MathWorks Inc.) was used for parts of the frequency analysis, while 

R version 3.5.1 (R Foundation) was used for statistical calculations as well as frequency- and 

amplitude estimation. 

  

Software development

•Sensor interfacing

•Software stability

•OS compatability

•Data storage

Data collection

•Standard exercises

•Data evaluation and 
assessment

Signal analysis

•Pre‐processing

•Frequency

•Amplitude
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2.1 Patient population 

Kidney-transplant recipients, both awaiting and following transplantation were included in the 

study. Patients awaiting transplantation were selected for baseline-measurements, with follow-

up measurements performed post-engraftment. Transplantation-status determined group 

allocation. 

The groups were defined as follows: 

Development cohort: Patients were examined a few days before their scheduled 
kidney transplantation. Follow-up measurements were performed post-transplantation.  
 
Control cohort: Patients were examined after their renal transplantation. Most of these 
patients were recruited from another study running parallel to this one. 

Patients eligible for inclusion were: over the age of 18; scheduled for or recently underwent 

kidney transplantation; scheduled for or currently using tacrolimus for immunosuppression; 

able to provide informed consent. 

While there were few formal criteria for exclusion, patients were not eligible for inclusion if 

they were carriers of a contagious disease, evaluated by a physician. Participating patients were 

assigned an internal identity number, ensuring de-identified data collection, storage, and 

analysis. 

All patients are insured according to the Act of Product Responsibility 
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2.2 Ethics 

Prior authorisation is required from an independent ethics committee before conducting medical 

research. An application was submitted to the Regional Committees for Medical and Health 

Research Ethics (REK Sør-Øst). The application with reference number ‘2017/2466’ was 

approved on 18/01-2018 and is valid until 31/12-2020 for the inclusion of up to 60 patients. A 

copy of the approval is attached. 

We identified no negative aspects regarding study participation. Patients were informed on how 

the tremor examinations would be performed, stressing that they would not be required to make 

additional visits or draw additional blood for the sake of this study. Instead, this information 

would be accessed through their medical records. As such, the estimated toll on patients was 

deemed very low. Patients could withdraw at any time, at their discretion, and could ask for the 

deletion of collected data as per current regulation.  
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2.3 Tremor monitoring 

2.3.1 The Leap Motion Controller 

For data collection, a Leap Motion® Controller (LMC) was used. An example view of the LMC 

may be seen in Figure 1 (33). The LMC consists of three light-emitting-diodes (LEDs), which 

emits infrared light with a wavelength of 850 nm, and two cameras. The light is reflected by 

the hand into the cameras, at different angles. Using a proprietary collection of algorithms not 

disclosed to the public, the LMC can detect the position of each joint in the hands; identifying 

the joint and its position (Figure 2). 

 

Figure 1- Example view of the Leap Motion Controller in action. The screen shows the identified hands and 
joints. (33) 

The LMC interfaces with a computer by four-pin USB-A, using a proprietary cable. The 

manufacturer has specified the minimum requirements to interface with and run the software 

for the controller. A comparison of the requirements versus the specifications for the computer 

used is available in Appendix Table 21. All requirements were exceeded, to avoid any 

bottlenecks. 

The accuracy and robustness of the LMC have previously been examined by Weichert et al. 

Employing an industrial robot capable of movement with an accuracy of 0.2 millimetres; they 

tested both static and dynamic accuracy. During movement, the standard deviation was below 

0.7 millimetres per axis, with a repeatability of less than 0.17 millimetres (34). 

The cost of one unit at the time of writing is approximately 700,- NOK. 
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2.3.2 Data collection 

The LMC collects positional information in a series of snapshots called frames. A frame 

contains all the measured positions and other information gathered by the controller, e.g. time, 

left or right hand, how many hands and fingers are visible, and more. Positional data is recorded 

with the LMC as the origin position and outputs the relative distance from the controller in 

millimetres.  

The controller is able, through its proprietary algorithm, to identify 

the anatomic points as seen in Figure 2. These points with their three-

dimensional position are then stored in a frame with a timestamp 

which is then exported to .csv for storage. 

There was no software available to collect and organize the data from 

the sensor. To obtain data from the LMC, a piece of software dubbed 

TremorTac was written in Processing. Processing is an open-source 

software sketchbook, with a comprehensive library of plug-ins. The 

open-source plug-in ‘leap-motion-processing’ (35) written by Darius 

Morawiec, allows Processing to call on the functions in the Software 

Development Kit (SDK), published by the manufacturer of the LMC. 

This allowed for direct interaction with the controller and was vital in developing the collection 

software. The user interface for the software is depicted in Figure 3 and was made using the 

plug-in ‘G4P’, by Peter Lager. The software was split into two modules; data entry (ID and 

Exercise) and data collection (Positional Data). The source code for both executables is attached 

and will be made electronically available on request.  

 

Figure 3 - Graphical User Interface for the collection software, TremorTac. 

Figure 2- Anatomic points of interest in the 
hand that the LMC can identify. Image from 
Leap Motion SDK (33) 
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During recording, the software polls the LMC for information on the current frame at a sample 

rate of 50 Hz, i.e. every 20 milliseconds. This frequency was chosen both to obtain enough 

resolution and to satisfy the Nyquist criteria. The Nyquist criteria states, in simple terms, that 

to capture a signal of frequency B Hz, the sample rate must be no less than 2B. 

The software does not collect any personally identifiable information, instead referencing 

patients by their study number. Initials of the employee performing the measurements were not 

recorded, despite being an available field, awaiting future implementation. Datafiles were 

automatically organized with the following folder structure; ID → Date → Exercise → Datafile, 

with the datafiles carrying information for patient ID, time of measurement, and hand-selection 

in addition to the observational data. 

Before measurements could begin, there was a desire to design a set of exercises for the patients 

to follow during observations. In addition to current literature, neurologist Lasse Pihlstrøm and 

nephrologist Karsten Midtvedt at the Oslo University Hospital were consulted. They provided 

invaluable feedback and advice regarding which exercises to use. The exercises were designed 

to trigger or identify the varieties of tremor that was expected to occur following 

immunosuppression with tacrolimus and was based on both clinical experience and literature. 

Table 3- Exercises used during tremor observations 

Exercise Method Tremor (see Table 1) 

1 Arm outstretched 
Palm facing sensor 
Fingers slightly spread 

Postural tremor 

2 Arm outstretched 
Palm facing sensor 
Fingers slightly spread 
225 g weight around wrist 

Postural tremor 

3 Arm outstretched 
Pointing at stationary object 
using index finger 

Postural tremor 
Intention tremor 

4 Arm resting against gravity Rest tremor 
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Exercise 1 and 2 were inspired by previous studies examining tremor, where similar techniques 

were employed (13, 24). Because of the sensor’s optical mechanism, it was not possible to 

examine rest tremor using the sensor, as the surface the hand would rest on interfered with 

measurements. 

At a later point in the study, an additional exercise was introduced, both to replace Exercise 4 

and to investigate a different characteristic of the suspected tremor. 

Table 4- Additional exercise introduced to replace Exercise 4 

Exercise Method Tremor (see Table 1) 

5 Arm outstretched 
Palm facing sensor 
Fingers slightly spread 
Arm performing circular 
motions, approx. 2 Hz. 

Kinetic tremor 

 

2.3.3 Limitations 

Though the LMC seems to be a promising device for contactless measurements of tremor, it 

has some limitations which need to be addressed. 

As previously mentioned, the LMC operates with infrared light with a wavelength of 850 nm. 

This has the potential of interacting with electromagnetic waves emitted from the sun (290-

3200 nm), or fluorescent lighting in the hospital. It is not possible to adjust for this, as the LMC 

supposedly corrects for this in its proprietary algorithm.  

Although the LMC has a high sample rate, around 110-120 frames per second, it is not possible 

to set it to a constant rate. As a result, data obtained from the LMC will not be evenly spaced. 

This has implications for the processing of data, as some methods for analysis require evenly-

spaced data to function properly. To overcome this, data may be interpolated to ensure it is 

evenly spaced. The choice of interpolation is further discussed below. 
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2.3.4 Pre-processing 

As mentioned in Limitations, it was not possible to obtain evenly-spaced data directly. Most 

methods for signal analysis, such as the Fast Fourier Transformation (FFT) and Welch’s power 

spectral density (PSD) estimate, require evenly spaced data. As adjusting the sample rate was 

not an option, it was necessary to interpolate the data to facilitate signal analysis using the 

above-mentioned techniques. 

The recording software polls the LMC at a rate of 50 Hz; because of this the data was attempted 

interpolated to the same rate, meaning every 20 milliseconds. Interpolating to a lower rate 

would reduce the resolution, while a higher rate would increase the risk of aliasing. 

 
Figure 4- Simple visual comparison of linear (bottom) and cubic spline (top) interpolation based on 10 

randomly generated datapoints. 

Several options exist for interpolation; simplest of them all is linear interpolation, which draws 

a straight line from point to point. This has the drawback of neglecting the curvatures of 

oscillatory movement. Cubic spline interpolation employs several polynomials to draw curves 

between the data points and is a form of cubic interpolation – this retains the curvature of the 

signal while ensuring a low degree of interpolation error (36). 

With the available data, it was possible to extract information for tremor in every plane, i.e. the 

x-, y-, and z-dimension. However, the clinical use of this would be limited outside of research. 
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Instead, the Euclidean distance between the dimensions is calculated. This corresponds to 

calculating the magnitude of the displacement vector.  

Equation 1 - Calculation of the Euclidian distance of the three-dimensional vector 

𝑑 𝑥 𝑦 𝑧  

In doing so, the three-dimensional Euclidean space is transformed into a metric space of one 

dimension. Figure 5 demonstrates the relationship between the points in the x-, y-, and z-

dimension to distance d for a given point A. The physical interpretation of this relationship 

equals to measuring the distance from origin to the three-dimensional line. 

 

Figure 5 - Figure depicting the relationship between point A and 
distance d, in a three-dimensional Euclidean space 

 

Figure 6- Three-dimensional plot of displacement 

 

Figure 7- Relative displacement over time 

In Figure 6 and Figure 7, the difference is visualized. Trends are easier to observe, as well as 

peaks and troughs. This transformation has been employed in previous studies where similar 

positional data was obtained using electromagnetic sensors (37). 

X (m
m)

Y (m
m

)

Z
 (m

m
)

3D plot of tremor

0 200 400 600 800 1000

-1
0

0
1

0
20

Relative displacement over time

Time (ms)

R
e

la
tiv

e
 d

is
pl

a
ce

m
en

t (
m

m
)



18 
 

To reduce potential noise, additional pre-processing was performed before frequency analysis. 

A function to detect outliers as defined by the boxplot-function was written in R. Using k times 

IQR as a variable range to detect extreme outliers, with k = 10. This was performed prior to 

interpolation. 
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2.3.5 Frequency analysis 

The oscillatory behaviour of tremor may be described using standard signal analysis tools. The 

rhythmic signal contains essential information, such as frequency and amplitude. This allows 

the algorithm to identify specific frequencies’ contribution to a signal. Consider the following 

example, adapted from Matlab’s official documentation (38); 

Create two separate signals of known frequency and amplitude 
Combine the signals 
Add random noise (Optional) 
Apply the FFT-function 
Observe two discrete peaks denoting the original signals 

This is visualized in the graphic below; 

 

          Figure 8 - Sine curve, a: 0.7, f: 50 Hz (38) 

 

         Figure 9 – Sine curve, a: 1, f: 120 Hz (38) 

Figure 8 and Figure 9 are two separate signals of different frequency and amplitude. Signals 

can be combined according to the superposition principle, where the net response is the sum of 

each component. 

 

Figure 10 - Plot displaying the sum of the two signals in Figure 8 and Figure 9 (38) 
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Figure 10 displays the net result of combining the two signals shown in Figure 8 and Figure 9. 

Superpositioning determines the resultant signal. A more tangible example would be how two 

or more musical notes can be combined to form a different tone.  

 

Figure 11- The signal from Figure 10 corrupted with noise (38) 

To adjust for real-life conditions, zero-mean random noise may be added to the combined 

signal, resulting in the disordered signal in Figure 11. As demonstrated below, the FFT can 

extract the properties of the original signals from noise. 

 

Figure 12 - The Single-sided amplitude spectrum of the signal in Figure 11. (38) 

In Figure 6, two discreet peaks may be observed, reflective of the base signals. The left-most 

peak shows an amplitude of approximately 0.8 at the 50 Hz mark. The right-most has an 

amplitude of approximately 1.0 at the 120 Hz mark. This result reflects the properties of the 

original signals. 

Karen Braastad Evensen at the Department of Informatics, University of Oslo provided the 

groundwork necessary for signal analysis. She wrote a MATLAB-script with the necessary 

code to estimate the PSD using Welch’s power spectral density estimate, which is similar in 
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function to the FFT. This provided a continuous power spectrum with frequencies mapped 

against power (in decibels). 

As mentioned in Results, under Tremor, a discrete signal was not observed in the expected 

frequency-area. After consideration, the initial assumption of tremor carrying one strong 

frequency was discarded. The example that was demonstrated for the FFT was based on digital 

signals. The body, however, produces analogue signals. Analogue signals tend to vary in 

frequency and is often riddled with noise. It was then assumed that the dominant frequency 

would vary in the domain of 9-12 Hz, based on preliminary results, which was subsequently 

tested. To evaluate the contribution of frequencies in this range, the Root-Sum-Square was 

calculated for the PSD estimate. Values from a PSD is given in relative power, of unit decibel.   

As an internal control, the root sum square (RSS) was also calculated for 4-6 Hz, a frequency 

range associated with parkinsonism (14). It was subsequently assumed that tacrolimus would 

have no contribution to tremors in this range of frequencies, due to the vast difference in 

aetiologies. 

Equation 2 - Formulae to calculate the Root Sum Square and Root Mean Square, respectively. 

𝑅𝑆𝑆  𝑥                         𝑅𝑀𝑆
1
𝑛

𝑥  

RSS was chosen over the more commonly used root mean square (RMS), as averaging the 

result would result in reduced peak sensitivity. However, as the result is not averaged, the 

frequency bands will not be directly comparable, due to 4-6 Hz covering a smaller band than 

9-12 Hz. Extending the range of the control frequencies was considered but decided against as 

this could capture unwanted physiological signals, as well as run the risk of partial overlapping. 

Including lower frequencies such as 2-3 Hz might include involuntary movements caused by 

breathing and pulse, whilst including higher frequencies would move outside the typical range 

of parkinsonism. While this could be done to investigate low-frequency versus high-frequency 

tremor, this would reduce its feasibility as a true control. 

In addition, it was possible to extract the dominant frequency of the signal using the function 

‘dfreq’ from the ‘seewave’ package in R, which again employs the FFT-function. Seewave is a 

free modular tool that is originally meant for sound analysis and synthesis. (39) Following trial 

and error, the following parameters were passed to the function; a sample rate 50 Hz, a 
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bandpass-filter for 5-15 H, and using Hanning windows with an overlap of 50%. In layman’s 

terms, this means that that the function is instructed at which space our data points are separated 

in time (as they are interpolated, ref. Pre-processing), that only frequencies between 5 and 15 

Hz should pass through, and to split the signal into windows overlapping each other by 50%. 

Windowing provides a significant reduction in spectral leakage, i.e. high-frequency noise, and 

is standard practice in signal-analysis using FFT (36). The dominant frequencies in each 

window is then averaged to give the average dominant frequency for the entirety of the signal. 

Frequency of acceleration was also examined, which was obtained by double-differentiating 

displacement. An example of this transformation is demonstrated in Figure 13, where 

displacement, velocity (once differentiated) and acceleration (twice differentiated) is shown. 

Accelerometers observe acceleration, and this would provide comparable data. 

 

Figure 13- Example data for displacement, velocity, and acceleration, obtained by differentiating displacement 
once and twice, respectively. Unit of time in milliseconds, amplitude in millimetres. 
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2.3.6 Amplitude estimation 

Amplitude is defined as the height of a sine-wave. An interesting property of the sine-wave is 

that the standard deviation (SD) is relatively close to its peak value. We can investigate this 

property by examining a known sine-wave. In a sine-wave, the position x depends on t time 

Equation 3 – General equation for simple sine-waves 

𝑥 𝑡 𝐴 sin 2𝜋𝑓 ∗ 𝑡  

Where A is the signal amplitude and f is the frequency. Multiplying f with 2π converts the 

frequency from rad to Hz. A perfect sine-wave has a mean of zero, which gives the SD the same 

value as the root-mean-square (RMS) of the value. This approximation is only valid for long 

signals, as the SD is N – 1 normalized rather than N normalized for RMS. 

Equation 4- Comparison of equations for RMS and SD, respectively 

𝑅𝑀𝑆
∑ 𝑥

𝑛
           𝑆𝐷

∑ 𝑥 �̅�
𝑛 1

 

It can also be asserted that the RMS of a perfect sine-wave will approximate to 0.707 A, as 

RMS has the following relationship with the amplitude of a perfect sine-wave (36); 

Equation 5- Shorthand notation for the relationship between RMS and amplitude 

𝑅𝑀𝑆
𝐴

√2
0.707 𝐴 

This provides a simple method for estimating tremor amplitude, by calculating the SD of the 

signal. These results may be tested for significance, where our hypothesis is that values Pre-Tx 

are less than values Post-Tx. 

𝐻 : 𝜇 𝜇 0 

𝐻 : 𝜇 𝜇  

𝛼 0.05 
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2.4 Blood samples 

As part of another study, pharmacokinetic profiles for tacrolimus were obtained simultaneously 

with tremor measurements (REK Sør-Øst, 2017/2477). These profiles consisted of ingesting 

their morning dose of tacrolimus, followed by regular venous blood samples. Whole blood was 

obtained from an intravenous cannula, using EDTA-tubes. Nominal times for blood sampling 

are outlined in Table 5 and accurate times were noted in each patient’s case report form (CRF). 

Tremor was sampled shortly (less than two minutes) after each patient’s blood draw.  

The cannulas were administered in the morning by a nurse. Sampling was performed by either 

a nurse, or pharmacist under supervision by a nurse. Samples were subsequently analysed by 

the laboratory at the Oslo University Hospital, Rikshospitalet, Department of Clinical 

Pharmacology. The method employed is UHPLC-MS/MS, for which they are accredited 

according to the NS-EN ISO 15189 test number 271 (40).  

Investigations were performed on two separate days approximately one week apart and with 

TAC doses being unchanged. The first day of measurement is referred to as PK1 and the second 

as PK2. 

Table 5-Time intervals after tacrolimus intake at which tremor- and venous sampling were performed [Hours] 

 Time [hours] 

Blood draw 0.25 0.5 0.75 1 1.5 2 2.5 3 4 6 8 10 12 
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2.5 Correlation between TAC-exposure and tremor 

Logistic regression differs from linear and multiple regression in that the response variable is 

categorical with two possible outcomes, e.g. success or failure. The probability p depends on 

the explanatory variable x. The explanatory variables can be either categorical or quantitative. 

The statistical model for logistic regression can be expressed as 

Equation 6- A basic model for logistic regression 

log
𝑝

1 𝑝
𝑙𝑜𝑔𝑖𝑡 𝑝 𝛽 𝛽 𝑥 

Where p is the binomial sample proportion and x is the explanatory variable. The parameters of 

the logistic regression model are the intercept β0 and slope β1. Observations of failure or success 

are linked to observation of an explanatory variable. Figure 14 demonstrates the result of a 

logistic regression for randomly generated data where explanatory variables on the X-axis are 

assigned as either success [1] or failure [0] on the Y-axis, and are reflected on the regression 

curve. 

 

Figure 14- Example of a logistic plot, where explanatory variables are associated with either success or failure. 
White points (raw-data) are reflected on the regression curve as black points. 
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One can furthermore add multiple explanatory variables, each contributing to the slope. This 

may be relevant for adding multiple explanatory variables, as tremor is most likely not dictated 

by one explanator, but rather a sum of contributions from several. 

Logistic regression was performed in R (version 3.5.1) using the function for generalized linear 

models (‘glm’) included in the ‘stats’ package. 

2.5.1 Tacrolimus pharmacokinetic calculations 

Pharmacokinetic variables were assessed with a non-compartmental analysis (NCA) using 

PMetrics. PMetrics is a parametric and non-parametric pharmacometric modelling and 

simulation package for R (41). The NCA uses measured concentration-time values to calculate 

individual pharmacokinetic values. 

2.5.2 Binary tremor model 

Based on the estimation of amplitude through standard deviation, a binary model for tremor 

was developed. Patients with a maximum SD > 10 was described as “with tremor”, and those 

with no values higher than the cut-off was described as “without tremor”. The binary model 

dichotomized as follows; 

𝑥
1 𝑤𝑖𝑡ℎ 𝑡𝑟𝑒𝑚𝑜𝑟 𝑆𝐷 10

0 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑡𝑟𝑒𝑚𝑜𝑟 𝑆𝐷 10  

2.5.3 Explanatory variables 

Several pharmacokinetic variables could be of interest in regard to predicting an exposure-effect 

relationship between tremor and tacrolimus. Adverse effects of tacrolimus have previously been 

the subject of logistic regressions in literature (9, 31), and relevant variables from these studies 

were included as potential explanatory variables in this study. 

Logistic regression was carried out against tacrolimus Cmax, C0, AUC, dose, clearance, serum-

creatinine, age, time after transplantation (days), living or non-living donor, days in dialysis, 

CMV serostatus, prednisolone dose, and use of a betablocker. 
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3 Results 
The results are presented here with the narrative provided in Method and materials, and should 

be read with the feedback-loop in mind. 

3.1 Patient population 

For the main study, 27 patients with a mean age of 52 were enrolled, of which 60% were male. 

The population was separated by whether pre-transplantation examinations were performed.  

Table 6- General population data for the development and control cohort for the assessment of homogeneity 

 Development cohort 

(n = 7) 

Control cohort 

(n = 20) 

 

Mean  

(SD) 

Range 

(Count) 

Mean  

(SD) 

Range 

(Count) 

P 

Recipient age [years] 49.4 (18.12) 21-73 53.0 (10.30) 31-72 0.6401 

Donor age [years] 44.8 (10.87) 26-56 54.2 (15.22) 29-81 0.1477 

Height recip. [cm] 173.1 (7.10) 163-181 176.5 (8.06) 163-189 0.3269 

Donor BMI [kg m-2] 26.4 (4.25) 20.01-33.13 27.6 (3.05) 22.86 – 32.14 0.4454 

AB-mismatch 1.29 (0.95) 0-2 2.05 (1.19) 0-4 0.1406 

DR-mismatch 0.86 (0.38) 0-1 0.90 (0.72) 0-2 0.8905 

Female recip. [%] 29 %  (2 / 7) 30 % (6 / 20) 0.9432† 

Female donor [%] 43 % (3 / 7) 45 % (9 / 20) 0.5515† 

Living donor [%] 86 %  (6 / 7) 40 % (8 / 20) 0.0372† 

CMV R+ [%] 71 % (5 / 7) 65% (13 / 20) 0.7562† 

Pre-emptive Tx [%] 43 % (3 / 7) 50 % (10 / 20) 0.7448† 
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Days in dialysis††† 404 (267) 144-762 1232 (1549) 1232-1549 0.3197 

PD [%] 25 % (1 / 4) 50 % (5 / 10) 0.5804††

HD [%] 75 % (3 / 4) 50 % (5 / 10) 0.5804††

†  Chi-square test of independence, p-value 
†† Fisher exact test statistic, p-value 
††† For patients in dialysis 
PD: Peritoneal dialysis 
HD: Haemodialysis 
RRT:  Renal replacement therapy (dialysis) 

The population data as outlined was differentiated by transplantation-status, in order to compare 

the homogeneity of the two groups. 

As outlined in Table 6, the development cohort had a statistically significant larger proportion 

of living donors, 86 %, when compared with the Post-Tx group, 40 %. This is expected, as 

living donors are often planned ahead of time, allowing for study-participation prior to 

transplantation. No significant difference between the groups were found for either recipient 

age, recipient height, donor BMI, HLA-mismatch, or gender proportion. Mean donor age was 

9.4 years higher for the Post-Tx group, but this difference was not statistically significant (P = 

0.1477). 

Proportion of R+ CMV-serostatus prior to transplantation was not significantly different for the 

two groups. A statistically similar proportion of patients underwent pre-emptive transplantation 

in both groups. Time spent in renal-replacement therapy (RRT) was skewed for the post-Tx 

group, as one patient had previously undergone transplantation.  

Data on S-Creatinine, weight, haematocrit, prednisolone-, and mycophenolate mofetil dose 

were obtained from each patient’s case-report-form (CRF). Measurements and sampling were 

performed on two separate days approximately a week apart.  
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Table 7- Specific population data on PK1 and PK2 for both cohorts.  
One patient switched to CsA between PK1 and PK2. 

  PK 1 (n = 27) PK 2 (n = 26) 

Mean  

(SD) 

Range 

(Count) 

Mean 

(SD) 

Range 

(Count) 

Days after Tx [days] 24 (8.21) 12 – 46 33 (9.02) 19 – 52  

Weight [kg] 77.2 (16.0) 47.8 – 111.2 78.3 (15.9) 48.1 – 112 

Haematocrit  0.36 (0.04) 0.25 – 0.44 0.36 (0.03) 0.25 – 0.44

S-Creatinine [μmol L-1] 119 (38.88) 56 – 206 120 (38.04) 65 – 209 

Prednisolone [mg] 14.8 (2.27) 10 – 20 14.8 (2.27) 10 – 20 

MMF [mg] 1423.8 (306.34) 0 - 1500 1423.8 (306.34) 0 - 1500 

Betablocker [%] 30 % (8 / 27) 27 % (7 / 26) 

Prednisolone and Mycophenolate is listed as daily cumulative dose. 
MMF: Mycophenolate mofetil 
Betablocker prescribed 

One patient (ID #2) did not complete the PK2, due to side effects from tacrolimus leading to a 

switch in medications. Another (ID #15) was excluded from some parts of the analysis due to 

an abnormal pharmacokinetic profile outside the scope of this study. 

Tacrolimus, prednisolone, and mycophenolate mofetil dose remained unchanged for all 

participants. Out of 27 patients, only two presented with diabetes mellitus; one with type I, the 

other with type II. Eight patients were prescribed betablockers; five patients used metoprolol, 

in doses ranging from 25-150 mg daily. Two other used carvedilol in doses ranging from 12.5-

25 mg daily in two doses, and one using bisoprolol 10 mg daily in two doses. The CRFs did not 

state whether betablockers were prescribed in the immediate- or prolonged-release form. This 

lack of information did not allow for the calculation of equipotent doses. 

Genotype data for CYP3A5 was available for 22 out of 27 patients, with 17 identified as with 

genotype *3*3 and 5 with *1*3. Data for CYP3A4 genotype was not available. 
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3.2 Tremor 

As outlined in Method and materials the method development operated with a feedback-loop, 

where preliminary results guided the direction of progress. 

3.2.1 Observations 

After reviewing data several observations had to be removed due to file corruption. Table 8 

shows the distribution of observations done pre- and post-transplantation.  

Table 8 - Valid tremor observations for the exercises listed 

Valid tremor observations 

Exercise Tx-status Individuals Total Mean (Range) 

1 

Pre-Tx  7 21 3.00 (2-5) 

Post-Tx 26 353 13.58 (7-21) 

2 
Pre-Tx  0 0 0 

Post-Tx 10 112 11.20 (4-21) 

3 

Pre-Tx  7 14 2.17 (1-4) 

Post-Tx 26 325 12.50 (4-21) 

 

A total of 825 observations spanning the three exercises were included in the analysis. Exercise 

4 was not included due to a lack of acceptable tools. As the wrist-weight of 225 grams had to 

be special-ordered from Australia it did not arrive until mid-September, leading to only 10 

patients with measurements including Exercise 2. None of the patients examined prior to 

transplantation had measurements taken with a weight. 
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3.2.2 Frequency 

Following signal analysis using Welch’s power-spectral density (PSD) estimate, the PSD-

estimates did not produce the hypothesized result of a strong peak around 9-12 Hz. Figure 15 

shows a representative example of the PSD-estimates in one patient. Some peaks may be 

observed around the 9-12 Hz band, primarily for the index, middle, and ring finger. 

 

Figure 15 - Example of a PSD-estimate, demonstrating the continuous power spectra for each digit and the hand. 

 

The dominant frequency band was initially estimated through the root-sum-square (RSS) of the 

three-dimensional magnitude of the signal from all digits and the hand. The bands 9-12 Hz was 

compared with a control frequency of 4-6 Hz. An increase in RSS indicates a higher 

contribution from the investigated frequency-band. Table 9 (page below) shows the mean RSS-

values in the 9-12 Hz band for each digit and hand for patients pre- and post-transplantation. 
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Table 9- RSS9-12 Hz values for the estimation of frequency contribution, values in dB, Exercise 1 

  

  

Development cohort 

(Pre-Tx) 

Development cohort 

(Post-Tx) 

Control cohort 

(Post-Tx) 

Mean (SD)

[dB] 

Range 

[dB] 

Mean (SD)

[dB] 

Range 

[dB] 

Mean (SD) 

[dB] 

Range 

[dB] 

Thumb 195 (43.6) 101-252 181 (25.9) 111-253 184 (31.1) 68-264 

Index 200 (43.0) 99-269 181 (25.6) 111-257 190 (32.4) 28-265 

Middle 196 (46.2) 76-264 178 (24.5) 114-231 189 (32.7) 79-275 

Ring 191 (55.4) 54-256 178 (25.2) 105-242 183 (31.7) 82-268 

Pinky 191 (54.0) 69-253 182 (30.4) 79-266 194 (31.8) 106-287 

Hand 194 (42.2) 69-239 192 (24.5) 129-258 200 (27.5) 107-308 

 

The values in Table 9 demonstrate the variation in RSS9-12 Hz following transplantation for the 

development cohort, which may be compared to the values in the control cohort. There was not 

a significant increase in RSS9-12 Hz
 following transplantation for either digit or the hand as shown 

in Table 10. 

Table 10- Test of significance for RSS values in the 9-12 Hz band for the development cohort following 
transplantation 

 Thumb Index Middle Ring Pinky Hand 

P 0.9061 0.9724 0.9609 0.8725 0.7825 0.5391 

Sign. No No No No No No 

Alternative hypothesis: Difference in mean is less than 0 (Student’s t-test) 
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The plots in Figure 16 show that the RSS9-12 Hz was highly correlated with the RSS4-6 Hz (the 

control frequency), albeit with a few outliers. There is a high degree of correlation between the 

control and ‘tacrolimus’ frequency, with a mean R2
 equal to 0.83, and a mean slope of 0.76. 

The intercept is generally negative, with an exception for the hand. 

 

Figure 16 - Scatterplot of PSD for 9-12 Hz vs. 4-6 Hz, the control frequency, for all digits and the hand. 

The plots in Figure 16 seem highly correlated, albeit with a few outliers. A linear regression 

was performed, yielding the following key statistics: 

Table 11- Slope, intercept, and R2 for the linear regression for the RSS of 9-12 Hz vs 4-6 Hz 

Correlation between RSS4-6 Hz and RSS9-12 Hz 

 Thumb Index Middle Ring Pinky Hand 

Slope 0.769 0.770 0.805 0.787 0.773 0.671 

Intercept -6.83 -8.38 -15.1 -10.8 -7.84 12 

R2 0.833 0.832 0.833 0.834 0.857 0.782 
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At a later stage, it was possible to extract a single dominant frequency for each measurement. 

The method for doing so is mentioned in the latter part of Frequency analysis. Changes in 

dominant frequencies was investigated for the development cohort and was compared to 

dominant frequencies in the same cohort post-transplantation, and is shown in Table 12. 

  There was a statistically significant difference in dominant tremor frequency following 

transplantation for the thumb, index, ring, pinky, and hand using displacement (P < 0.05). This 

was not true for the middle finger. Dominant frequency using acceleration displayed 

statistically significant difference following transplantation for the thumb, index, middle, pinky, 

and hand (P < 0.05), but not for the ring finger. 

Table 12- Mean dominant frequencies pre-Tx compared to post-Tx for the development cohort, Exercise 1 

  

  

Pre-Tx Post-Tx Difference 

Mean 

[Hz] 

SD 

[Hz] 

Mean 

[Hz] 

SD 

[Hz] 

Δμ  P-value 

D
is

p
la

ce
m

en
t 

Thumb 6.06 0.95 5.48 0.53 -0.58 0.0237 

Index 6.16 1.29 5.47 0.52 -0.69 0.0427 

Middle 6.25 1.83 5.50 0.65 -0.74 0.1158 

Ring 6.84 2.01 5.60 0.63 -1.24 0.0222 

Pinky 6.43 1.96 5.56 0.66 -0.87 0.0892 

Hand 6.42 1.54 5.60 0.58 -0.82 0.0451 

A
cc

el
er

at
io

n
 

Thumb 12.98 1.77 10.53 2.01 -2.45 <0.001 

Index 12.02 1.80 10.39 2.11 -1.63 0.0024 

Middle 11.86 1.93 10.64 1.85 -1.21 0.0243 

Ring 11.59 2.40 10.66 1.92 -0.93 0.1423 

Pinky 11.63 1.96 10.39 2.04 -1.24 0.0247 
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Hand 12.19 1.75 11.01 1.96 -1.18 0.0152 

Alternative hypothesis: True difference in means is not zero (Student’s t-test) 

The same calculations were performed for the same population using Exercise 3. Due to the 

nature of the exercise, only the index finger and hand could be evaluated. For Exercise 3, there 

was no statistically significant change in dominant tremor frequency in the index or hand post-

transplantation compared to pre-transplantation. This was true for both methods, i.e. using 

Displacement or Acceleration as measures of tremor. 

Table 13- Difference in dominant frequency for the index and hand following Exercise 3 (pointing), development 
cohort, pre- and post-transplantation 

  Pre-Tx Post-Tx Difference 

 Mean SD Mean SD Δμ  P-value 

Displacement 

Index 5.59 0.82 5.53 0.59 -0.06 0.7829 

Hand 5.75 0.72 5.70 1.04 -0.05 0.8215 

Acceleration 
Index 11.86 2.16 11.05 1.90 -0.80 0.7829 

Hand 12.19 1.86 11.24 1.82 -0.95 0.8215 

Alternative hypothesis: True difference in means is not zero (Student’s t-test) 
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3.2.3 Effect of weight on tremor frequency 

10 patients performed both Exercise 1 (maintaining posture without weight) and Exercise 2 

(maintaining posture with weight), allowing for the comparison of the dominant frequency with 

and without a wrist-weight of 225 grams. Figure 17 and Figure 18 depicts the distribution of 

these values, separated by method for calculation (i.e. using displacement or acceleration), and 

weight-status. 

 

 

Figure 17 - Boxplot depicting dominant frequencies for thumb 
(bottom) to hand (top) using displacement, with and without weight 

 

 

Figure 18 - Boxplot depicting dominant frequencies for thumb 
(bottom) to hand (top) using acceleration, with and without weight 

 

 

Mean and standard deviance were calculated and compared to investigate any statistically 

significant differences. The difference in mean, Δμ, as shown in Table 14, was tested for 

significance with the alternative hypothesis Δμ ≠ 0, and significance level α = 0.05. There was 

no statistically significant change in the dominant frequency following the addition of a 225-

gram wrist-weight, with an absolute difference no larger than 0.30. This was true for either 

method, i.e. using Displacement or Acceleration 
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Table 14- Comparison of dominant frequencies using displacement and acceleration, with and without a wrist-
weight of 225 grams 
 

Without weight With weight Change  P-value 

  Mean SD Mean SD Δ P 

D
is

p
la

ce
m

en
t 

Thumb 5.39 0.49 5.39 0.39 0.00 0.9672 

Index 5.46 0.56 5.44 0.46 -0.02 0.7501 

Middle 5.52 0.69 5.43 0.49 -0.09 0.2331 

Ring 5.58 0.62 5.46 0.50 -0.11 0.1185 

Pinky 5.54 0.65 5.49 0.60 -0.06 0.4720 

Hand 5.62 0.53 5.77 0.62 0.14 0.0570 

A
cc

el
er

at
io

n
 

Thumb 9.30 2.06 9.40 2.23 0.11 0.7042 

Index 9.12 2.07 9.41 2.09 0.30 0.2778 

Middle 9.18 2.02 9.43 2.06 0.25 0.3419 

Ring 9.16 2.02 9.15 1.92 -0.01 0.9567 

Pinky 9.01 1.94 9.25 1.89 0.24 0.3399 

Hand 9.94 2.19 10.01 2.05 0.07 0.7960 

Alternative hypothesis: True difference in means is not equal to zero 
Values in millimetres. 
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3.2.4 Amplitude 

Amplitude was estimated through the calculation of standard deviation (SD) on the three-

dimensional displacement of the signal. Only 25 out of the 27 patients had data eligible for 

inclusion – one did not partake in PK2, the second had no evaluable tremor measurements. 

For the development cohort examined pre-transplantation (n=7), the results outlined were then 

tested for significance compared to the same individual’s values post-transplantation with 

Exercise 1 (maintain posture without weight). The estimates for amplitude using SD was 

significantly higher for the thumb, index, and middle finger post-transplantation with a 

significance level α = 0.05, as shown in Table 16. The same was not found for neither the ring- 

or pinky finger, nor for the hand. 

Table 15- Estimation of amplitude through Standard Deviation, Exercise 1 (maintaining posture without weight) 

Development cohort 

Pre-Tx 

Development cohort 

Post-Tx 

Control cohort 

Post-Tx 

  Mean (SD) Range Mean (SD) Range Mean (SD) Range 

Thumb 4.01 (2.61) 1.15-10.96 5.55 (3.52) 1.8-20.85 6.05 (4.66) 0.92-19.89 

Index 4.51 (2.47) 0.96-10.34 5.82 (3.86) 1.66-23.95 6.17 (4.72) 1.25-18.49 

Middle 4.47 (2.21) 1.24-9.52 5.86 (3.79) 1.61-23.4 6.11 (4.66) 1.14-16.28 

Ring 4.64 (2.31) 1.09-9.82 5.56 (3.79) 1.48-23.53 5.92 (4.56) 0.98-15.79 

Pinky 4.23 (2.10) 0.96-9.1 5.02 (3.93) 1.09-21.84 5.31 (4.36) 1.1-14.92 

Hand 5.34 (2.19) 1.66-9.42 5.63 (4.40) 1.01-25.34 6.55 (7.84) 1.65-22.96 
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Table 16- Results from the Student's t test for estimated amplitude pre- and post-transplantation for the 
development cohort 

 Thumb Index Middle Ring Pinky Hand 

P 0.0129 0.0258 0.0132 0.0751 0.0968 0.3290 

Sign.  Yes Yes Yes No No No 

 

The same calculations were performed for Exercise 3, in order to evaluate the results against 

Exercise 1. The results outlined in Table 17 (below) demonstrate a significant (P < 0.05) 

increase in the estimated amplitude for the index finger using Exercise 3 following 

transplantation. This was not true for the hand (P = 0.0856), which had a larger difference in 

means but with a higher degree of uncertainty. 
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Table 17- Estimated amplitudes for the Index and Hand using Exercise 3 (pointing at a target) 

Individual values of estimated amplitude for the development cohort 

 Pre-Tx compared to Post-Tx 

 
Pre-Tx Post-Tx 

ID Index  

[mm] 

Hand  

[mm] 

Index  

[mm] 

Hand  

[mm] 

7 2.44 2.76 6.26 5.14 

8 11.71 7.55 16.34 16.64 

11 3.19 3.97 7.16 4.07 

19 5.11 6.35 4.71 3.69 

20 6.65 9.21 16.12 24.30 

22 8.69 14.94 11.67 15.19 

23 1.65 2.38 11.00 13.13 

Mean 5.63 6.74 10.47 11.74 

SD 3.65 4.41 4.65 7.78 

P   0.0264 0.0856 

Alternative hypothesis: True difference in means is greater than zero (Student’s t-test) 
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3.3 Tacrolimus exposure 

A total of 741 tacrolimus whole-blood samples were obtained from the pooled development 

and control cohort, with an average of 14 samples per patient per day, including the 

measurement of C0. 

The whole blood tacrolimus-concentration versus time profiles for all individual patients at PK1 

and PK2 are shown in Figure 19 and Figure 20. A table with all individual values is presented 

in Appendix. 

  

Figure 19 – Tacrolimus-time curves for PK1, n = 27 

 

Figure 20- Tacrolimus-time curves for PK2, n = 26 

Mean tacrolimus trough-concentration was 6.3 ng ml-1 for PK1, and 7.0 ng ml-1 for PK2, 

ranging from 4.1-11.4 ng ml-1. Cmax ranged from 6.56 – 32.79 ng ml-1 PK1, and 7.56 – 41.87 

ng ml-1 PK2. One patient (ID #15) had an unusual pharmacokinetic profile that is outside the 

scope of this study and was excluded from the tremor-exposure regressions. Table 18 (below) 

demonstrates a slight increase in mean AUC (128.7-142.4), Cmax (22.1-24.8), and C0 (6.3-7.0) 

from PK1 to PK2.  
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Table 18- Results from a non-compartment analysis using measured values from PMetrics, pooled cohort 

 PK1 PK2 

 
Mean (SD) Range Mean (SD) Range 

AUC [ng ml-1 hours] 128.7 (29.30) 67.29-201.27 142.4 (39.84) 67.89-226.53 

k [hours-1] 0.05 (0.02) 0.02-0.09 0.05 (0.03) 0.01-0.13 

Cmax [ng ml-1] 22.1 (5.91) 6.56-32.79 24.8 (8.42) 7.56-41.87 

Tmax [hours] 1.8 (0.62) 0.70-3.97 1.7 (0.63) 0.75-3.02 

CL [ml min-1] 14.4 (6.86) 5.66-28.35 13.6 (8.81) 3.15-36.32 

T½ [hours] 14.6 (6.44) 7.41-40.70 17.6 (14.19) 5.23-77.00 

Dose [mg] 3.7 (1.7) 1.5-8 3.7 (1.7) 1.5-8 

C0 [ng ml-1] 6.3 (1.25) 4.4 – 9.4 7.0 (1.86) 4.1 – 11.4 

Through was not calculated through NCA but uses observed C0. 
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3.4 Exposure-effect 

For inclusion in the binary, logistic model using the estimate of amplitude the following number 

of patients were identified with tremor in respect to the given digit or hand (Table 19). The 

complete distribution of patients identified as with tremor using the criteria stated is available 

in the Appendix. Three patients (ID #5,#6 and #15) was excluded from this regression due to 

missing data, too few data-points, and one unusual pharmacokinetic profile, respectively. 

Table 19- Number of patients assigned as with tremor, with the criteria of estimated amplitude > 10, n = 24 

 Thumb Index Middle Ring Pinky Hand 

n 11 12 10 9 10 9 

% 45.8 % 50 % 41.6 % 37.5 % 41.6 % 37.5 % 

 

There was a significant (α = 0.05) correlation for one or more digits or the hand for peak, trough, 

peak to trough, AUC, and dose. There is a high degree of variation between which digits 

respond well to which explanatory variable, but the ring- and pinky finger responded strongly 

to the predicted factors. For the index finger, dose is a good predictor for tremor (P < 0.05) 

Table 20 outlines the results of the logistic regression. There is a high degree of variation 

between which digits’ tremor responded well to the model. The ring- and pinky finger had a 

statistically significant (P < 0.05) response in terms of intercept and slope for Cmax, AUC, dose, 

and peak-to-trough, and in terms of intercept for C0. The index finger had significant (P < 0.05) 

response to Cmax slope, and dose intercept and slope, with near-significant (P = 0.05) correlation 

to Cmax intercept. In contrast, the hand only responded significantly to dose intercept, albeit with 

a near-significant (P < 0.0629) response to slope. 

Logistic regression was also performed for time after transplantation (days), serum-creatinine, 

age, clearance, living or non-living donor, days in renal-replacement therapy, CMV D+/R+ 

serostatus, and use of a betablocker. No statistically significant results (P > 0.1) were found for 

either variable. 
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Table 20- Results of the logistic regression using estimated amplitude > 10 as criteria, for Exercise 1 
  

Thumb Index Middle Ring Pinky Hand 

  
Estimate P-value Estimate P-value Estimate P-value Estimate P-value Estimate P-value Estimate P-value 

Cmax Intercept -2.1238 0.3190 -6.5372 0.0500 -3.7915 0.1200 -8.7616 0.0270* -8.7542 0.0293* -3.6257 0.1300 

 
Slope 0.0914 0.3280 0.3002 0.0463* 0.1574 0.1390 0.3665 0.0334* 0.3779 0.0331* 0.1413 0.1720 

C0 Intercept -1.0932 0.6090 -2.8686 0.2250 -3.5990 0.1320 -5.4469 0.0450* -5.0566 0.0594 -0.3648 0.8660 

Slope 0.1582 0.6310 0.4681 0.2080 0.5234 0.1560 0.7804 0.0620 0.7534 0.0719 -0.0121 0.9710 

AUC Intercept -4.1437 0.1190 -7.4849 0.0614 -6.3119 0.0574 -16.9178 0.0430* -17.6367 0.0347* -4.3814 0.0887 

Slope 0.0315 0.1250 0.0598 0.0607 0.0468 0.0691 0.1273 0.0476* 0.1355 0.0364* 0.0302 0.1208 

Dose Intercept -1.0613 0.3470 -3.1968 0.0470* -2.5474 0.0587 -3.4890 0.0238* -4.7434 0.0159* -2.9097 0.0376* 

Slope 0.0003 0.3540 0.0010 0.0426* 0.0007 0.0764 0.0009 0.0398* 0.0014 0.0223* 0.0007 0.0629 

PTT Intercept -1.6979 0.3280 -4.8081 0.0639 -2.5954 0.1720 -6.0060 0.0364* -5.9270 0.0406* -3.5593 0.0948 

 
Slope 0.1011 0.3370 0.3086 0.0550 0.1452 0.2030 0.3395 0.0463* 0.3493 0.0454* 0.1919 0.1276 

* : significant to α = 0.05. 

PTT: Peak-to-trough, as defined by peak minus trou
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4 Discussion 
This study outlines the development of a contactless method to measure tacrolimus-induced 

tremor. Results from the logistic regression indicates an exposure-effect relationship between 

tacrolimus and tremor, particularly for Cmax and AUC. The method appears capable of 

distinguishing between patients with- and without tremor but requires further validation against 

current standards before clinical implementation. 

Tremor amplitude, as estimated by the standard deviation (SD) of the three-dimensional 

magnitude, was significantly higher post-Tx compared to pre-Tx for the thumb, index, and 

middle finger (P < 0.05) in the development cohort. An increase in amplitude corresponds with 

the findings of Paul Friedemann et al. (13), who investigated tremor following 

immunosuppression with tacrolimus after liver transplantation using accelerometry. The use of 

SD as a measure of amplitude arose from the relationship between the root-mean-square (RMS) 

of a sine-waves amplitude, whose equation is similar to that of SD. All signals were deemed to 

be of sufficient length in order to satisfy the condition of N-1 normalization over N 

normalization. This method does not require evenly-spaced data, meaning that interpolation is 

not required. It is important to recognize that tremor does not produce perfect sine-waves. While 

methods for estimating true amplitude do exist, these are more laborious and time-consuming. 

Standard deviation provides a measure of dispersion, which may be equally suited for this 

analysis. Further development warrants the evaluation of more sophisticated methods to 

determine the optimal way of amplitude-estimation. 

The initial method for frequency-analysis did not display any significant increase. A root-sum-

square of two discrete frequency bands was investigated; 4-6 Hz and 9-12 Hz. These were 

chosen based on the preliminary findings after reviewing several periodograms, which is a plot 

showing the distribution of power over a continuous spectrum of frequencies. While these 

initially seemed to demonstrate a time-dependent increase in power in the 9-12 Hz band, this 

was not the case. Statistical analysis failed to prove a significant increase post-transplantation; 

rather, a reduction in mean RSS was seen. Additionally, there was a high coefficient of 

variation, i.e. a high ratio of the standard deviation to the mean. The fallacy of this method was 

underlined when plotted against a designated control-frequency. Figure 16 (page 33) with 

corresponding results from a linear regression (Table 11) showed a high degree of correlation 

between the control and investigated band. The probable reason for this degree of correlation 
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is a poor choice of frequency bands; the band 9-12 Hz was chosen based on empirical data from 

the preliminary findings. Another scenario which was not considered initially was an existing 

presence in the 9-12 Hz band. A shift in frequency without a change in power inside the band 

would not be registered by this method. This gives cause for the re-examination of data in regard 

to this method in the future. Concluding that assessing frequency bands rather than individual 

dominant frequencies seems a poor method for the estimation of tremor. 

An additional method for comparing frequencies was used, employing a function to determine 

a single dominant frequency for each measurement. While this is a more refined approach, it is 

mathematically more complicated and resource-intensive. Instead of relying on a narrow band, 

a frequency-range of 5-15 Hz was allowed to pass through the bandpass filter. This method 

produced vastly different results, demonstrating a statistically significant difference in tremor 

frequency in all digits and the hand, apart from the middle finger, following transplantation for 

the pre-Tx group using Exercise 1 (P < 0.05). Comparably, exercise 3 which was designed to 

provoke intention tremor did not display any significant difference in dominant frequency. 

The difference in results from Exercise 1 and 3 is most curious. Either the exercise did not 

provoke intention tremor as suspected, or tacrolimus-induced tremor does not exhibit 

significant intention tremor. Recall that intention tremor “is exacerbated towards the end of a 

visually guided goal-directed movement” (15). While targeted pointing could be viewed as an 

intentional gesture, it is also a stationary posture held against gravity. However, if the response 

from Exercise 1 was due to postural tremor, why was it not present during Exercise 3? 

Maintaining a pointing gesture could require activation of supporting musculature to a larger 

degree than maintaining a simple posture. In future examinations it would be relevant to include 

an exercise with non-stationary pointing, e.g. pointing at a moving point on a screen. While the 

finger-to-nose exercise is a viable exercise to capture intention tremor, it is not possible to 

implement with the LMC. While the exercises used were able to display a postural tremor, the 

continued development and evaluation of exercises should strongly be considered in order to 

evaluate the presence of intention- and other varieties of tremor. The rapid sampling and 

analysis of tremor using the LMC could hasten this process. 

 A statistically significant reduction in dominant tremor frequency was not found when a wrist-

weight of 225 grams was applied. Although it is worth noting the borderline-significant 

reduction for the hand (P = 0.0570). Comparable studies has previously used a weight of 500 
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grams (13) or 135 grams (24). A reduction in tremor frequency was only seen using the larger 

weight of 500 grams, and not for the 135-grams weight. The larger weight caused a >1.5 Hz 

reduction in dominant frequency in 89% of patients, but also in 88% of controls. This, together 

with our findings, seem to either indicate a cut-off in terms of load, or the disproval of 

tacrolimus-induced tremor responding to weight. Both assumptions would require further study 

for confirmation, which might shine light on our near-significant finding for the hand. 

There is literature supporting the notion of a dose-response relationship between whole-blood 

tacrolimus and adverse effects (31, 42). Bulatova et al (9) performed logistic regressions for 

adverse effects against several biomarkers and other risk factors. In their analysis, they found 

time after transplantation, donors age and hyperlipidaemia as significant (α = 0.05) for renal 

impairment. While these findings are not directly applicable for the detection of tremor, it does 

provide a pointer on which variables to test against.  

A logistic regression was performed on the distribution of digit-dependent tremor, based on the 

estimate of amplitude. The results, as outlined in Table 20 (page 44), demonstrate a strong 

correlation between the tremor of the ring- and pinky finger and Cmax, AUC, dose, and peak-to-

trough variation (P < 0.05). Tremor of the index finger had a significant correlation with Cmax 

and dose. The intercept from the logistic regression provides a cut-off for the explanatory 

variables, where an explanatory variable (multiplied by its slope) lower than the intercept 

should not produce tremor. From a pharmacodynamic viewpoint it seems sensible that tremor 

responds to the peak concentration and AUC, which fits with theory of an exposure-effect 

relationship between tacrolimus and tremor.  

It is vital to examine these findings from a physiological viewpoint. Recall the significant 

increase in amplitude which was found for the thumb, index, and middle finger, but not the ring 

and pinky finger, who had the greatest correlation with the explanatory variables. Examining 

tremor in the individual planes might provide more insight into the digit-specific movement 

during a tremor. The LMC is capable of recording the yaw (rotation around the vertical axis) 

and pitch (rotation around the horizontal axis), which could be of interest in determining which 

axis tacrolimus-induced tremor has the strongest presence. While the pathophysiology of CNI-

induced tremor is not fully known at time of writing, it does not seem implausible that 

individual fingers are affected differently. 
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When determining the feasibility of the LMC as a potential diagnostic tool in the quantification 

of tacrolimus-induced tremor, we can look back to one of John C. Morgan’s proposed criteria 

for assessing whether the tremor is drug-induced (17);  

A dose-response relation (i.e. increasing the drug dose worsens the tremor, or decreasing the 

dose ameliorates the tremor) 

Visual observations and questionnaires like the FTM tremor-scale are not able to discern 

between lesser changes in tremor, and has demonstrated inter-rater variability (22). The LMC 

allows for rapid and accurate collection of positional data for the digits and hand. However, this 

requires custom-written software to collect and organize data. Due to the late introduction of 

tools for analysing the files, it was not discovered until late in the study that some of the files 

were prone to corruption. It was thought that this is due to the way the software polls the LMC 

for frames, where a buffered frame might be accessed instead of the current, which again was 

thought to be due to aliasing. This could also be due to the way the LMC assigns unique IDs to 

hand-entities. If the LMC lost track of the hand and later regained it, it would be considered a 

new ID, and the time-series would reset. This issue must be resolved programmatically prior to 

further use.  

In terms of  compatible software, there were none available that could interact with the LMC 

to extract the necessary data. Processing was found to be a suitable platform to develop a stand-

alone program, as it could readily produce executables that could run on several platforms, such 

as Windows, Macintosh, and Linux.  While some quirks still need to be addressed before public 

release, it is possible to port the application to the web. This service could be coupled to the 

university’s services for sensitive data (TSD 2.0) and allow for patients to perform 

measurements at home.  

Other methods of measuring tremor, such as by accelerometery, does not provide a comparable 

level of detail as the method outlined in this study. Recall the vast difference in tremor 

prevalence in Table 2 (page 5). Accelerometery, as the name suggests, is limited to measuring 

changes in acceleration, while the LMC is able to record positional information with high 

accuracy (34). As a digression, it is technically possible to play back the three-dimensional 

position of the hand. Some studies employed one or more neurologists to evaluate tremor 

visually (10). A playback of the recording would allow for more flexibility as it would not 
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require the examiner to be on-site, with the added benefit of storing the data reliably for more 

reproducible analysis. 

The LMC provides objective, reproducible data at a relative low unit cost. The same claim has 

been made for a “Tremorometer” in the open-label STRATO-study by Langone et al.(24) when 

evaluating Envarsus® as an alternative to Prograf®. They, too, were not able to find a 

relationship between C0 and their measurements with the Tremorometer (or change in FTM-

score). However, most kidney-transplanted patients are adjusted towards the same C0, but 

exposure in terms of Cmax and AUC varies, and there is a poor correlation between C0 and AUC 

(32). It is curious that Langone et al. did assess the results from the Tremorometer against AUC, 

for which they claim Envarsus® provides similar values, nor against Cmax. The improvements 

in FTM-score was largely found in Part C of the FTM tremor scale, with an improvement of 36 

% (P < 0.001), which addresses functional disabilities. For Part A, addressing tremor location 

and severity, only a 12 % decrease was observed following LCPT-conversion (P = 0.59).  

 

 

 



50 
 

5 Conclusion 
We successfully created a stand-alone program that can run on most platforms, allowing for 

easy collection and organization of data. Interfacing with the LMC is done through open-source 

plug-ins utilizing the LMC software development kit. 

Data was subsequently analysed with respect to estimating tremor amplitude and frequency. 

The key results are presented below; 

A statistically significant increase in tremor amplitude was found post-transplantation 
compared to pre-transplantation. 
(P < 0.05) 
 
A statistically significant difference in dominant tremor frequency following 
transplantation for all digits and the hand, with the exception of the middle finger. 
(P < 0.05) 
 
Application of a 225-gram wrist-weight did not significantly reduce the dominant 
tremor frequency, although a borderline-significant reduction for the hand was found. 
(P = 0.0570) 
 
Tremor show an exposure-effect relationship with tacrolimus, with Cmax, AUC, dose, 
and peak-to-trough variability as statistically significant explanatory variables. 
(P < 0.05) 

The LMC shows promise of providing accurate and reliable tremor measurements, suitable for 

the point-of-care evaluation of tremor. However, validation against current standards is required 

before it can be routinely adapted as such.  
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6 Future aspects 
In order to clinically validate the LMC as a suitable diagnostic tool for the estimation tremor, 

it needs to be compared to the current standards, e.g. the Fahn-Talosa Marin clinical rating 

scale. Additionally, the LMC should be evaluated on several other patient populations. 

Movement disorders such as Parkinson’s disease and essential tremor might be more suited for 

the validation of the LMC as a clinical tool, where the pathophysiology, prevalence and tremor 

characteristics are better described in literature.  

The software has planned revisions in order to make it more portable and accessible for both 

patients and health care personnel. Planned features include access to the Services for Sensitive 

Data (TSD 2.0) in order to directly and safely upload data for review, while also porting the 

software to suitable tablets. Additionally, the software will be made available for use online. 

With these changes it would be possible for patients to perform at-home measurements which 

may be securely transmitted electronically to their physician for review. An attempt will be 

made to further advance the exercises and signal analysis in order to provide physicians with 

an improved method for the measurement of tremor which does not rely on visual inspections, 

time-consuming questionnaires, or extensive training. 

Furthermore, with a validated method, pharmacokinetic-pharmacodynamic models may be 

developed in order to better predict and potentially reduce tremor in renal-transplant recipients, 

with the potential of improving the quality-of-life following transplantations. 
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Appendix 
System requirements for the Leap Motion Controller 

Table 21- System requirements for the Leap Motion Controller (33) 

 Minimum requirements Computer specifications Fulfilled

CPU AMD Phenom™ II or 

 Intel® Core™ i3/i5/i7 

Intel Core i7 4500U (1.8 

GHz) 

Yes 

RAM 2 GB 8 GB Yes 

OS Windows® 7/8 Windows® 10 Yes 

USB USB 2.0 USB 3.0 Yes 
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General population data 

Table 22- General population data, pooled cohort 

   General population data (n = 27) 

ID  M0F1  TacDose (mg)  Age (years) Hgt (cm) Prednisolon MMF PPI  Betablocker DM 3A5 

1  1  4.50  51  170.0  10  1000  40  0  0  *3*3

2  1  3.00  41  163.0  15  1500  40  25  0  *3*3

3  0  2.00  40  181.0  10  1500  40  50  0  *3*3

4  0  5.00  44  175.0  15  1500  40  0  0  *3*3

5  0  8.00  72  185.0  15  1500  80  0  0  *1*3

6  1  5.00  60  164.5  15  1500  40  0  0  *1*3

7  0  2.50  73  174.0  15  1500  40  0  0  *3*3

8  1  6.00  50  165.0  15  1500  80  0  0  NA 

9  0  4.00  55  189.0  15  1500  40  0  0  *3*3

10  0  3.00  47  178.0  15  1500  40  0  0  *3*3

11  1  3.50  32  163.0   15  1500  80  0  0  NA 

12  0  3.00  51  164.0  15  1500  40  0  0  *3*3

13  0  3.50  63  178.0  15  1500  40  50  0  *1*3

14  0  4.00  47  187.0  15  1500  40  100  0  NA 

15  0  6.00  54  175.0  15  1500  40  0  2  *1*1

16  1  2.50  70  176.0  15  1500  40  10*  0  *3*3

17  0  1.50  31  171.0  10  1500  40  25**  0  NA 

18  0  3.00  56  187.0   15  1500  80  0  0  NA 

19  0  2.50  57  181.0  15  1500  40  12.5  0  *3*3

20  0  2.00  65  172.0  20  1500  40  0  1  *3*3

21  1  1.50  64  173.5  15  1500  40  0  0  *3*3

22  0  2.50  21  176.0  15  1500  40  0  0  *3*3

23  0  3.00  48  181.0  15  0  80  0  0  *3*3

24  1  2.50  54  169.0  15  1500  40  0  0  *3*3

25  0  5.00  62  177.0  15  1500  40  50  0  *1*3

26  0  2.00  49  178.0  15  1500  40  0  0  *3*3

27  0  7.00  48  188.0  20  1500  40  0  0  *3*3

Betablocker (no mark: metoprolol, * : Bisoprolol, ** : Carvedilol 
DM: Diabetes mellitus, 0: none, 1: type I, 2: type II 
MMF: Mycophenolate mofetil 
PPI: Proton-pump-inhibitor, does not differentiate between omeprazole and pantoprazole 
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Specific population data for PK1 and PK2 

Table 23- Specific population data for PK1 and PK2, pooled cohort 

  Specific population data 

   PK1 (n = 27)  PK2 (n = 26) 

ID  Post‐Tx  
(days) 

Weight 
 (kg) 

Hematocrit 
 (%) 

Creatinine  
(µmol/L) 

Post‐Tx 
(days) 

Weight
 (kg) 

Hematocrit 
 (%) 

Creatinine
 (µmol/L) 

1  46  69.5  0.37  137  52  69.8  0.37  123 

2  21  55.5  0.37  85  N/A* 

3  38  74.0  0.36  130  46  74  0.31  124 

4  20  76.7  0.34  109  43  77.1  0.38  107 

5  21  76.0  0.25  182  28  76.1  0.33  209 

6  19  49.4  0.32  149  28  48.1  0.34  132 

7  29  88.0  0.39  148  35  88.4  0.38  121 

8  30  82.3  0.33  108  39  84.4  0.34  93 

9  20  91.5  0.36  143  27  91.3  0.34  142 

10  15  100.0  0.41  206  23  99  0.4  171 

11  15  47.8  0.3  56  20  48.7  0.29  66 

12  22  61.2  0.35  58  27  61  0.36  67 

13  16  70.3  0.33  147  24  71  0.33  110 

14  20  111.2  0.44  123  28  112  0.43  131 

15  35  85.5  0.39  72  43  86.5  0.39  65 

16  21  67.0  0.32  166  29  67.2  0.32  169 

17  36  53.6  0.43  72  44  53.1  0.39  76 

18  28  83.0  0.35  122  35  83.5  0.35  128 

19  14  74.0  0.38  81  21  74.5  0.39  80 

20  12  72.0  0.35  87  19  71.2  0.36  103 

21  32  75.2  0.37  110  45  76.2  0.38  116 

22  27  82.1  0.35  140  40  84.5  0.36  146 

23  20  103.9  0.41  166  33  105  0.41  196 

24  29  71.0  0.34  81  38  70.1  0.33  111 

25  28  83.5  0.35  80  37  83.8  0.37  79 

26  19  98.9  0.33  135  28  98.7  0.31  144 

27  22  81.0  0.34  128  28  80  0.36  114 

* Patient did not participate in PK2, due to discontinuation of TAC.
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Patients identified as with tremor using the estimate of amplitude > 10 

Table 24 - Patients identified as with tremor using the estimate of amplitude > 10, pooled cohort 

Patients identified as with tremor using the estimate of amplitude > 10 
ID Thumb Index Middle Ring Pinky Hand 
1  1  1  1 1 1  1
2  0  0  0 0 0  0
3  0  0  0 0 0  0
4  1  1  1 1 1  0
7  1  1  1 1 1  0
8  1  1  1 1 1  1
9  0  0  0 0 0  0
10  1  1  1 1 1  1
11  0  1  1 1 1  0
12  0  1  1 1 1  1
13  0  0  0 0 0  0
14  0  0  0 0 0  0
16  1  0  0 0 0  1
17  1  0  0 0 0  0
18  1  1  1 1 1  1
19  0  0  0 0 0  0
20  1  0  0 0 0  0
21  0  0  0 0 0  0
22  0  1  0 0 0  0
23  0  0  0 0 0  0
24  1  1  0 0 0  1
25  0  1  0 0 1  1
26  0  0  1 0 0  0
27  1  1  1 1 1  1
n 11 12 10 9 10 9 
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Individual tacrolimus concentration-time curves 

 

Figure 21- Tacrolimus concentration-time curve for PK1, pooled cohort (n=27) 

 

 

Figure 22- Tacrolimus concentration-time curve for PK1, pooled cohort (n=26) 


