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Abstract

Introduction: Kidney transplantation
(KTx) is the preferred treatment for end-
stage renal disease. Patients with chronic
kidney disease (CKD) have an increased
risk for arrhythmias and sudden cardi-
ac death. The autonomic nervous sys-
tem dysfunction seems to participate
in the arrhythmogenic process. Limited
information is available on peripheral
sensory neural impairment, cardiovas-
cular autonomic dysfunction and QT
interval variability abnormalities fol-
lowing successful kidney transplanta-
tion. The present study aimed to assess
the peripheral and autonomic neuronal
functions in transplanted patients and
to compare it to age- and sex-matched
healthy controls.

Subjects and methods: Our study in-
volved 23 KTx patients. The control
group consisted of 19 age- and gen-
der-matched healthy individuals. All
KTx patients and healthy controls
successfully underwent a 10-minute
12-leads ECG for repolarization param-
eter analysis, 5 standard Ewing tests for
evaluation of the cardiovascular auto-

1) Department of Medicine, University of Szeged,
Szeged, Hungary

2) Department of Surgery, University of Szeged, Szeged,
Hungary

3) Department of Pharmacology and Pharmacotherapy,
University of Szeged, Szeged, Hungary

4) Department of Medical Physics and Informatics,
University of Szeged, Szeged, Hungary

5) Department of Pharmacology and Pharmacotherapy,
Interdisciplinary Excellence Centre, University of
Szeged, Szeged, Hungary

6) Department of Medicine and Oncology, Semmelweis
University, Budapest, Hungary

42

nomic neuropathy and a complex pe-
ripheral neuronal testing.

Results: According to the Ewing
tests, the heart rate response to deep
breathing (controls vs. KTx patients:
21.21+6.93 vs. 16.7+5.89 beats/min.,
p=0.045), the heart rate response to
standing up (30/15 ratio controls vs.
KTx patients: 1.20+0.15 vs. 1.07+0.16,
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p=0.007), and the systolic blood pres-
sure response to standing up (con-
trols vs. KTx patients: 4.63 6.07 vs.
12.26 +13.66 mmHg, p=0.022) were
significantly impaired in the KTx pa-
tients. Significant differences could be
demonstrated in the peripheral sensory
function of peroneal and median nerves
at all three tested frequencies with Neu-
rometer®. At the median nerve the sen-
sory testing revealed increased percep-
tion thresholds compared to controls
(controls versus KTx patients at 2 kHz:
157.8+61.5vs.278.3+84.35,p<0.001,
at250 Hz 48.0+42.56 vs. 112.2+91.12,
p=0.005, at S Hz 28.95+23.14 vs.
77.96 £71.24, p=0.004, respective-
ly). The parameters of the peroneal

nerves were also significantly elevat-
ed (controls versus KTx patients at
2 kHz: 288.6+98.22 vs. 453.4+175.9,
p<0.001, at 250 Hz: 156.8 +82.89
vs. 262.3+168.9, p=0.013, on § Hz
82.0£58.97 vs. 142.5£129.4,p=0.053,
respectively). The application of Neu-
ropad®-test, Tiptherm®, Monofilament®,
and Rydel-Seiffer tuning fork did not
reveal significant differences between
KTx patients and controls. The repo-
larization parameters of KTx patients
and controls were similar.
Conclusions: Cardiovascular autonomic
dysfunction and peripheral sensory neu-
ral impairment were detected in KTx pa-
tients compared to healthy volunteers. A
prospective follow up of this population
and a cross-sectional study with con-
trols suffering in CKD without kidney
transplantation are planned to evaluate
a possible protective function of the suc-
cessful kidney transplantation.
Keywords: peripheral sensory dys-
function, cardiovascular autonomic dys-
function, kidney transplantation

Background

Chronic kidney disease (CKD) has a
high global prevalence [Hill 2016] and
patients with CKD have an increased
risk of mortality due to cardiovascu-
lar disease [Herzog 2011]. The risk of
sudden cardiac death proportionally in-
creases as kidney function deteriorates
[Pun 2009]. Coronary artery disease-re-
lated risk factors do not explain this high
risk in patients with CKD completely
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[Herzog 2011, Chonchol 2008]. KTx
patients are regarded as a special sub-
population among patients with CKD.
Peripheral sensory neural impairment,
cardiovascular autonomic dysfunction
and cardiac repolarization abnormal-
ities might develop in CKD which all
could predict or contribute to sudden
cardiac arrest.

Cardiovascular autonomic dys-
function due to resistant hypertension,
orthostatic and intradialytic hypoten-
sion, reduced heart rate variability or
impaired spontaneous baroreflex sen-

sitivity are exceptionally important
complications of CKD, and all might
be responsible for the high incidence
of cardiovascular mortality in this pa-
tient population [Salman 2015]. The im-
paired baroreceptor, cardiopulmonary
and chemoreceptor reflex function, acti-
vation of the renal afferents, accelerated
renin-angiotensin-aldosterone system
activity [Salman 2015] and cardiovas-
cular structural remodelling have been
suspected in CKD as further fatal risk
factors [Chou 2016]. Krishnan and Ki-
ernan reviewed [Krishnan 2009] the po-
tential neurologic dysfunctions induced
by uremic toxins such as urea, creati-
nine, parathyroid hormone, myoinosi-
tol and p2-microglobulin [Meyer 2007].
Although uremic toxins could direct-
ly alter the small nerve fibers via hy-
droelectrolytic changes producing ex-
pansion or shrinkage of the endoneur-
ial space, the exact pathogenesis of the
neuronal damage is not completely elu-

cidated [Krishnan 2009]. Several previ-
ous studies demonstrated a significant
regression of some neuropathic symp-
toms and improvement of electrophys-
iological indices in pancreas and kidney
recipients, mostly with advanced neu-
ropathy [Solders 1992, Navarro 1997,
Allen 1997]. There is limited informa-
tion on cardiovascular autonomic and
sensory peripheral neuropathy, as well
as cardiac repolarization abnormalities
after KTx, therefore the present study
aimed to assess and to compare it to
healthy controls.

Methods

Study population

The present study comprised
23 KTx patients (mean=SD; age:
50.4+6.46 years, 11 males) who have
regular care at the Department of Sur-
gery, University of Szeged, Hungary.
Inclusion criteria for the KTx patients
were: first cadaver kidney transplanta-
tion, age of men: 18-355, age of wom-
en: 18-60. The mean time that elapsed
since the transplantation in the KTx
group was 8.55 years. The control
group consisted of 19 age- and gen-
der-matched healthy volunteers (age:
49.3+7.31 years, 9 males). All of the
control subjects and patients with KTx
were Caucasian. The relevant clinical
data of KTx patients and control sub-
jects are shown in Table 1.

The measurements were performed
from May 2018 to April 2019. All KTx
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patients and healthy controls successful-
ly underwent the following examina-
tions: 10-minute 12-leads ECG via Car-
diosys EXTRA software (CAR03-IA,
MDE Heidelberg GmbH, Heidelberg,
Germany) for repolarization parame-
ter analysis expressed as short-term QT
interval variability (STVQT), 5 stan-
dard Ewing tests for evaluation of the
cardiovascular autonomic neuropathy
and a complex peripheral neuronal test-
ing with Neurometer®, Neuropad®-test,
Tiptherm®, Monofilament® and Rydel-
Seiffer tuning folk.

12-lead electrocardiogram (ECG)

Both patients with kidney transplan-
tation and controls were examined in
supine position after 5 minutes of rest.
The 12-lead ECG was performed contin-
uously for 10 minutes in the same posi-
tion to avoid motion artefacts as much
as possible. The ECG signal digitization
was performed by a multichannel data
acquisition system (CAR03-IA, Cardio-
sys EXTRA software, MDE Heidelberg
GmbH, Heidelberg, Germany), the sam-
pling rate was 2,000 Hz, and data were
stored for later analysis.

All data acquired from patients with
kidney transplantation (KTx) and con-
trol subjects were suitable for analysis,
no data were excluded on the basis of
exclusion criteria determining the pa-
rameters for unbiased ECG: sever-
al (>5 %) ectopic atrial or ventricular
beats, none-sinus rhythm, abnormal re-
polarization (i.e. early repolarization,
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Clinical data

Age (year)

Weight (kg)

Height (m)

Body mass index (kg/m?)
Male sex, n (%)

Systolic BP (mmHg)
Diastolic BP (mmHg)
Smoking history, n (%)
Alcohol consumption, n (%)
Hypertension, n (%)
Hypercholesterolemia, n (%)

Diabetes mellitus, n (%)

Medication

B-blocker, n (%)

ACE inhibitor or ARB, n (%)
Ca-antagonist, n (%)
Antidiabetics but not insulin, n (%)
Insulin, n (%)

Statin, n (%)

Diuretics, n (%)

ASA/PAI, n (%)

Steroid, n (%)

Tacrolimus, n (%)
Everolimus, n (%)
Cyclosporin, n (%)

Mycophenolate mofetil, n (%)

Laboratory data

Abbreviations: BR, blood pressure; ACE, angiotensin-converting enzyme; ARB, angiotensin-
receptor blocker; Ca, calcium; ASA, acetylsalicylic acid; PAl, platelet aggregation inhibitor;
eGFR, estimated glomerular filtration rate.

Haemoglobin (g/l)
Haematocrit (%)
Glucose (mmol/l)

Blood urea nitrogen (mmol/l)
Creatinine (pmol/l)
eGFR (ml/min/1.73 m?)
Uric acid (pmol/1)
C-reactive protein (mg/l)
Albumin (g/l)
Cholesterol (mmol/l)
Triglyceride (mmol/I)
HDL-cholesterol (mmol/l)

LDL-cholesterol (mmol/l)

Table 1. Clinical data in the study groups
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KTx patients
(n=23)

50.4+6.5
79.5+14.0
170.5+£9.7
274+4.2
11 (48)
144.4+16.7
85.0+9.1
9 (39)
1(4)
19 (83)
7 (30)
8 (35)

9 (39)
14 (61)
11 (48)
4 (17)
2(9)
4(17)
9 (39)
4 (17)
13 (57)
20 (87)
2(9)
2(9)
18 (78)

129.7+19.2
39.2+4.6
5.7+2.1
11.4+5.7
162.2+93.9
477 +22.4
332.8+73.6
4.3+5.2
46.1+£3.3
5.2+1.1
2.0+ 1.0
1.4+0.3
2.8+0.8

Controls
(n=19)

49.3+73
78.8+18.8
173.1+11.0
26.1+4.7
9 (47)
133.3+19.1
82.2+11.3
2 (11)
4(21)
4(21)
3(16)
0 (0)

2(1)
2(1)
1(5)
0 (0)
0(0)
2 (1)
0(0)
3(16)
0(0)
0 (0)
0 (0)
0 (0)
0(0)

142.4+12.7
41.9+3.5
5.0+0.5
5.4+2.4
79.3+173
89.4+15.6
270.9+17.3
0.90+2.7
49.8+3.1
5.6+0.8
1.6+ 1.1
1.6+0.4
3.4x£0.70

0.633
0.913
0.258
0.428
0.977
0.095
0.519
0.030
0.126
<0.001
0.268
0.002

0.030
0.0003
0.001
0.043
0.162
0.5630
0.001
0.893
<0.001
<0.001
0.162
0.162
<0.001

0.015
0.042
0.136
<0.001
<0.001
<0.001
0.015
0.012
<0.001
0.123
0.215
0.089
0.032

T-wave inversion, complete bundle
branch block), permanent pacemaker
activity, acute metabolic disorder, sig-
nificant artefacts in the ECG signal re-
cording, high amount of food intake
during the last 3 hours, alcohol or caf-
feine consumption or smoking during
the last 10 hours.

Repolarization was analysed by the
following parameters: frequency cor-
rected QT interval (QTc) using Bazett
(QTc=QTARR), Fridericia (QTc=QT/
[RR/1,000]1/3), Framingham (QTc¢=QT
+ [0.154 x {1,000 - RR}]) and Hodges
formulae (QTc=QT+1.75x[60,000/
RR -60]), QT dispersion (QTd), termi-
nal T-wave duration (Tpeak - Tend), fre-
quency corrected Tpeak - Tend interval
using Bazett and Fridericia formulae,
and short-term variability of QT inter-
vals (STVQT).

The RR and QT intervals as well
as the duration of the T wave from the
peak to the end (Tpeak - Tend) intervals
were measured semi-automatically in
30 consecutive beats (minimum number
of intervals needed for variability mea-
surements) and were calculated as the
average of 30 beats. The measurements
of RR intervals, QT intervals and ter-
minal T-wave duration (Tpeak - Tend)
intervals were performed semi-auto-
matically in 30 consecutive beats (min-
imum criterion for measuring variabil-
ity) and then the averages were calcu-
lated. Conventional computerized QT
measurement technique was used for
the analysis of QT intervals; blinded
QT interval checking and if necessary,
manual repositioning of the automati-
cally set fiducial cursor position were
performed by the same investigator of
the team [Baumert 2012]. The duration
of QTc interval was determined as the
average of the measured QT c intervals.
PQ and QRS intervals were determined
as the average of the measured intervals
of 15 consecutive beats. The measure-
ments were performed in lead II or lead
V35, if significant noise were present in
the former.

Poincaré plot analysis of the QT
and RR intervals was performed to de-
termine the temporal instability of the
beat-to-beat heart rate and repolariza-
tion. Each QT and RR value was plot-
ted against its former value. STVQT
and STVRR were calculated using the
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following formula: STV =Z|Dn+1 - Dnl
(30xV2) - 1, where D represents the du-
ration of the QT and RR intervals. The
calculation defines the STV as the mean
distance of points perpendicular to the
line of identity in the Poincaré plot and
relies on previous mathematical analysis
[Brennan 2001]. In order to reliably as-
sess the duration of ventricular repolar-
ization and to minimize the influence of
changing heart rate on the Tpeak - Tend
interval, frequency correction of the
Tpeak - Tend was also performed by the
Bazett, and Fridericia formulas.

Cardiovascular autonomic function

the sum of each test results to charac-
terize the severity of AN.

Heart rate response to deep breathing

Physiologically, the heart rate increases
on inhalation and decreases on exha-
lation. Patients were instructed to take
deep breathes with six breaths per min-
ute rate (inhale for five seconds and ex-
hale for five seconds). The difference
between the measured maximum and
minimum heart rates (beats/min) were
calculated during six cycles of breathing.

Heart rate response to standing up

testing

(30/15 ratio)

Autonomic neuropathy (AN), neuronal
dysfunction and consequent cardiovas-
cular changes were characterized by Ew-
ing’s five standard cardiovascular reflex
tests (CRT) [Ewing 1982]. These tests
are the gold-standards of the determi-
nation of autonomic dysfunction; they
provide non-invasive, clinically relevant,
standardized and reproducible data of
autonomic functions. Reflex tests were
performed by measuring the blood pres-
sure and obtaining continuous 6-lead
ECG signals. Then the signals were digi-
tized by a multichannel data acquisition
system (Cardiosys-A01 software, MDE
Heidelberg GMBH, Heidelberg, Germa-
ny), sampling rate was 2 kHz and data
were stored for later analysis.

Three out of five tests record heart
rate changes when performing specific
activities, while the rest of them mea-
sures the changes of blood pressure.
Tests which record heart rate chang-
es predominantly reflect the changes of
parasympathetic function, while those
based on blood pressure responses de-
scribe primarily sympathetic function
disturbances [Ewing 1985]. Heart rate
changes were measured during deep in-
halation and exhalation, in lying and
standing positions with 30/15 ratio, and
during and after Valsalva manoeuvre
[Spallone 2011]. Systolic blood pressure
changes were measured after standing
up from a lying position, while diastolic
changes were recorded during gripping
with the hand for 3 minutes. CRT-s were
scored separately: 0 (normal), 1 (border-
line), 2 (abnormal). The overall auto-
nomic score (0—10) was counted from

Normally, the heart rate increases
promptly after standing up from a
lying position and reaches the peak at
about the 15th heartbeat after stand-
ing up. After that, a relative bradycar-
dia presents in healthy individuals with
the lowest rate at around the 30th beat.
Patients were lying supine at the begin-
ning of the test, then they were asked to
stand up while the ECG was recorded
continuously. The ratio of the longest
R-R interval (around beat 30) and the
shortest R-R interval (around beat 15)
was calculated, and recorded as the
30/15 ratio.

Heart rate response to Valsalva ma-
noeuvre (Valsalva ratio)

In healthy individuals during the holding
period of the Valsalva manoeuvre blood
pressure is decreased while heart rate is
increased. After the manoeuvre, blood
pressure increases and the heart rate
decreases. Patients were asked to ex-
hale into a specific manometer through
a mouthpiece and hold their breath at
40 mmHg for 15 seconds. During that,
ECG was continuously recorded. The ra-
tio of the longest R-R interval following
the test, and the shortest R-R interval
during the manoeuvre was calculated
and recorded as the Valsalva ratio.

Systolic blood pressure response from
lying to standing up

Normally, in a standing position, the re-
alignment of blood to the lower limbs
is immediately compensated by vaso-
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constriction in the peripheral vessels.
The test is performed by measuring the
blood pressure in a lying position and af-
ter standing up. The orthostatic drop of
blood pressure is determined by systolic
blood pressure measured 10 minutes af-
ter lying supine, and those measured at
1, 5 and 10 minutes after standing up.
The difference is calculated between the
values measured at the lying position
and those of standing up. The largest
difference is recorded as the response
to standing up.

Diastolic blood pressure response
during a sustained handgrip

Changes of diastolic blood pressure were
measured during sustained handgrip.
At first, patients were asked to clamp
a hand-held dynamometer with their
dominant hand exerting full force to
determine the maximal clamping force,
and then a sustained clamping at 30 %
force was instructed to hold for 3 min-
utes. Blood pressure was measured once
in every minute on the contralateral,
relaxed upper limb and the maximally
increased diastolic blood pressure was
recorded as the response to sustained
handgrip.

Sensory nerve testing

Sensory function of the peripheral
nerves was examined by a Neurometer
device (NM-01/CPT Neurometer, MDE
Heidelberg GmbH, Heidelberg, Germa-
ny). The equipment provides a non-in-
vasive, simple testing technique and
a possibility for quantitative analysis
of the sensory nerve function and dif-
ferent types of nerve fibres [Lv 2015].
Transcutaneous, low voltage, sine-wave
electrical stimulation was applied and
the current perception threshold (CPT)
was determined. This study tested the
median and the peroneal nerves. The
1 cm diameter surface electrodes were
positioned on the distal phalanx of
the index finger and that of the hal-
lux. The electrodes were fastened to
intact skin surfaces to avoid disturbanc-
es of peripheral sensation by scars and
wounds. The amplitude range of the
applied stimuli was 0.01 to 9.99 mA.
At the beginning of the test, current
intensity was gradually increased until
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the patient indicated sensation. Then KTx patients Controls p

short (2-35 sec) stimulations were ap- (n=23) (n=19)

plied at progressively lower intensities Heart rate (HR) variation during 16.7+5.9 21.21+6.9 0.031

until the minimal intensity of consistent ~ deep breathing (beats/min)

sensation was determined. CPT inten- Valsalva ratio 1.6+0.2 1.6+0.3 0.338

sities were determined at three differ- 30/15 ratio 1.1+0.2 1.20+0.2 0.007

ent stimulation frequencies (2000 Hz, g o 1ic BP fall after standing up 12.3+13.7 4.6+6.1 0.022

250 Hz, 5 Hz) for both the upper and ~ (mmHg)

the lower limbs. . _ Diastolic BP increase after 18.2+8.5 171147 0.763
Sudomotor dysfunction, which fre- sustained handgrip (mmHg)

quently occurs in autonomic neurop- AN score 24416 1412 0.020

athy, was examined by Neuropad®
screening tests for all patients and con-
trols [Zick 2003]. The test can detect
neuropathy with very high sensitivity
[Papanas 2005] on the basis of the fact
that nerve fibre impairment in the dis-
tal extremities not only affects sensa-
tion, but perspiration as well and thus
extreme dryness of the feet may occur.
The adhesive pad of the kit contains an-
hydrous cobalt I chloride salt with blue
colour, which reacts and change to pink
when it absorbs water.

The tests were performed in room
temperature (23 °C) following 10 min-
utes of rest after patients took off their
shoes and socks. The pads were placed
to the soles on both sides between the
heads of the first and second metatarsi.
The colour change was read at 10 min-
utes after the adhesion. Total decoloura-
tion to pink was considered normal,
mixed pink and blue colour was evalu-
ated as pending, while total blue colour
was pathologic.

The 128-Hz Rydel-Seiffer graduated
tuning fork was used to evaluate the vi-
bration perception threshold at the dis-
tal end of the radius and at the level of
the halluces. Results of the tuning fork
examination were compared to age-de-
pendent normal values published by
Martina et al. in 1998 [Martina 1998].
On a scale of 1-8, the normal range
was 7-38, borderline was 6, and patho-
logic was 1-3 reflecting impaired sense
of vibration.

The Semmes-Weinstein Monofila-
ment Test® using a 10g monofilament
is a simple device for objective screening
of a diabetic foot for protective sensa-
tion loss [Abbott 2002]. Proper cali-
bration is essential for the instrument,
which was applied in calm and quiet
circumstances, and the tested individu-
als were blinded for the place and way
of application of the filament. Five re-
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Values are represented as mean = SD. 30/15 ratio, immmediate HR response to standing, BF, blood pressure.

Table 2. Autonomic neuropathy (AN) parameters of KTx patients and age-matched control

subjects
KTx patients Controls p
(n=23) (n=19)
NM2000 278.3+84.4 157.8+61.5 <0.001
NM250 112.2+91.1 48.0+42.6 0.005
NM5 78.0+71.2 29.0+23.1 0.004
NP2000 453.4+175.9 288.6+98.2 <0.001
NP250 262.3+168.9 156.8+82.9 0.013
NP5 142.5+129.4 82.0+59.0 0.053

Values are represented as mean = SD. NMZ2000, CPT value of the median nerve at stimulating frequency of
2000 Hz; NM250, CPT value of the median nerve at stimulating frequency of 250 Hz; NM5, CPT value of the
median nerve at stimulating frequency of 5 Hz; NP2000, CPT value of the peroneal nerve at stimulating fre-
quency of 2000 Hz, NP250, CPT value of the peroneal nerve at stimulating frequency of 250 Hz, NP5, CPT
value of the peroneal nerve at stimulating frequency of 5 Hz.

Table 3. CPT values of the upper and lower limbs at three different stimulating frequencies
(2 kHz, 250 Hz, 5 Hz) in KTx patients and age-matched control subjects

gions of the sole were examined in all
candidates: hallux, first metatarsus, sec-
ond metatarsus, heads of the third and
the fifth metatarsus. Unaffected sensa-
tion in at least 4 regions was consid-
ered normal, while 0—3 was defined
as abnormal.

The Tiptherm® (Tip-Therm GmbH,
Dusseldorf, Germany) device can be
used for the early diagnosis of polyneu-
ropathy with symmetrical pattern. It is
a pen-shape instrument with flat sides,
which tests temperature sensitivity of
the skin [Viswanathan 2002]. It con-
tains a 14 mm diameter plastic cylinder
and a 14 mm diameter metal cylinder
on each end separately. The examiner
touches the skin of the patient random-
ly with one end for 1 seconds on both
hands and feet. The patient has to report
which touch was colder [Ziegler2005].
In case of normal sensation of tempera-
ture (<10°C), the individual can dif-
ferentiate between the two subjective
sensations of the flat surfaces of the
Tiptherm®.

Laboratory data

Venous blood samples were collected
for the determination of serum glucose,
HbA _levels, blood count, haemoglobin,
blood urea nitrogen, creatinine, eGFR,
uric acid, albumin, cholesterol, triglycer-
ide, HDL- and LDL-cholesterol.

Statistical analysis

Statistical data were reported as the
mean = SD; with numbers (n) and per-
centages (%), when appropriate. Pear-
son’s chi-squared test or Fisher’s ex-
act test was used to analyze categori-
cal data, whereas independent samples
t-test was used in case of continuous
data. The connections between the con-
tinuous or ordinal variables were exam-
ined by Pearson‘s and Spearman‘s cor-
relation analysis. Statistical tests were
performed using R statistical software
(R version 3.6.0, https://www.r-project.
org/), values of p<0.05 were considered
significant.
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Results

The frequency of smoking, hypertension
and diabetes mellitus was higher in the
KTx group compared to controls (Ta-
ble 1). The patients in the KTx group
took more kinds of drugs than the sub-
jects in the control group (Table 1).

The analysis of the laboratory pa-
rameters of the KTx group revealed
anaemia and hypalbuminaemia (Ta-
ble 1). The kidney function described
with creatinine and urea was significant-
ly impaired in KTx patients (Table 1).
LDL-cholesterol was higher in the KTx
group as well compared to controls.

A significant impairment was found
in the KTx patients at the heart rate re-
sponse to deep breathing, at the heart
rate response to standing up, and at
the systolic blood pressure response to
standing up. The AN score was also sig-
nificantly higher among KTx patients vs.
controls (Table 2).

In the KTx group the heart rate
response to deep breathing showed a
positive correlation with the eGFR in
the (p=0.007, r=0.549). A significant
negative correlation between the serum
creatinine level and the Valsalva-ratio
was detected also by the separate KTx
group analysis (p=0.04,r=—-0.432). The
time duration since transplantation cor-
related positively only with the systolic
blood pressure (p=0.024, r=0.468) in
the KTx group.

Significant differences were demon-
strated in the peripheral sensory func-
tion of peroneal and median nerves in
all three tested frequency with Neurom-
eter®. At the median nerve the testing
revealed increased thresholds (Table 3)
in KTx patients versus controls at all
tested frequencies (2 kHz: 157.8 +61.5
vs. 278.384.35, p<0.001, at 250 Hz:
48.0+£42.56 vs.112.2+91.12,p=0.005,
at S Hz: 28.95+23.14 vs. 77.96 £ 71.24,
p=0.004, respectively). The peroneal
nerve parameters were also significant-
ly elevated (Table 3) in KTx patients (at
2 kHz 288.6+98.22 vs. 453.4+175.9,
p<0.001, at 250 Hz 156.8 +82.89
vs. 262.3+168.9, p=0.013, at 5 Hz
82.0£58.97 vs. 142.5£129.4,p=0.053,
respectively). At the application of Neu-
ropad®-test, Tiptherm®, Monofilament®
and Rydel-Seiffer tuning folk no further
significant difference was identified.
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A significant positive correlation
(p=0.025, r=0.46) was found between
plasma glucose and the CPT value of the
peroneal nerve at stimulating frequency
of 5 Hz in KTx patients. There was no
correlation between the plasma glucose
and the remaining measured parameters.

Comparison of the two groups (KTx
patients vs. control) revealed no signif-
icant differences in heart rate, the PQ,
QRS and QT intervals and the QT dis-
persion. Furthermore, significant differ-
ences in the QT ¢ values calculated with
the Bazett, Fridericia, Framingham and
Hodges formulas and the beat-to-beat
short-term temporal variability of the
QT interval ) were not identified. How-
ever, a significant decrease of the beat-
to beat short-term temporal variabili-
ty of the RR interval (STVRR) in KTx
patients compared to healthy controls
was detected (9.5+8.9 vs 15.1+8.6 ms
p=0.044). The duration of the T wave
from the peak to the end (Tpeak - Tend)
was also significantly decreased (93 +16
vs 102+11 ms, p=0.032) in the KTx
group compared to the control group.
The frequency corrected Tpeak —Tend
intervals (Bazett: 101 =17 vs. 108 +11
ms; p=0.133; Fridericia: 99+16 vs
106 =11 ms; p= 0.075) showed no sig-
nificant differences between KTx pa-
tients and controls.

Discussion

A definitive impairment of cardiovas-
cular autonomic and peripheral senso-
ry neuronal function was detected in
patients after kidney transplantation
in comparison to healthy volunteers in
our study.

The leading cause of death in renal
transplant recipients is a cardiovascular
event [Lindholm 1995]. Cardiovascular
autonomic neuropathy in diabetic pa-
tients is a risk factor of earlier mortality,
as the impairment of the parasympa-
thetic and sympathetic function leads
to ventricular repolarization disturbanc-
es [Spallone 2011]. Chronic renal fail-
ure is also associated with an increased
risk of cardiac arrhythmias and sudden
cardiac death [Zochodne 2000]. In our
study 3 of the 5 cardiovascular reflex
tests were abnormal in KTx patients in
comparison to healthy controls, reflect-
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ing a common alteration of the para-
sympathetic and sympathetic functions.
Beside the impaired function, the imbal-
ance between the two systems is also re-
sponsible for an elevated risk of cardiac
events in this patient population. The
fact that both functions became abnor-
mal demonstrates the presence of a late
autonomic damage in KTx patients due
to a long-standing pathogenetic process.
The significant effect of the renal mor-
bidity on the cardiovascular autonomic
function might be explained by our ob-
servations as the heart rate response to
deep breathing was more altered if the
eGFR was lower and heart rate response
to Valsalva manouevre was more ab-
normal if the serum creatinine level was
higher. The role of long-standing expo-
sure is shown by the positive association
between the systolic blood pressure and
the time that elapsed since transplanta-
tions. In case of longer duration, higher
systolic blood pressure was found.

Instability of cardiac repolarization,
which manifests in QT interval disper-
sion, accompanied with an increased
risk for sudden cardiac arrest, has not
been found during the analysis of 12 pa-
rameters in KTx patients compared to
controls.

The peripheral sensory tests with
Neurometer® point towards hypaes-
thesia in the KTx patients compared
to controls both on upper and on low-
er limbs. Hypesthesthetic condition is
usually found on both the median and
peroneal nerves in advanced stages of
diabetic neuropathy [Apfel 2001]. This
finding points to the possible alterations
of limb sensations in KTx patients that
explains several symptoms and impaired
protective mechanisms against differ-
ent injuries. The aetiology of the detect-
ed autonomic and peripheral sensory
neuropathy in the KTx subjects is con-
sidered to be a complex pathogenetic
process. Uraemic neuropathy as a pe-
ripheral neuronal dysfunction is a com-
mon complication of uraemia in patients
with CKD, especially with a GFR be-
low 12 ml/min/1.73m?. The estimated
prevalence of peripheral neuropathy in
this case is 50-70 % [Vaziri 1981, Kier-
nan 2002, Krishnan 2006]. Uraemia-spe-
cific pathogenic mechanisms of periph-
eral neuropathy include accumulation
of uremic toxins [Heidbreder 19835,

Wittmann 2015], hyperkalaemia [Witt-
mann 2015, Kiernan 2002], thiamine de-
ficiency, accumulation of slowly dialyzed
neurotoxic molecules, such as methyl-
guanidine, myoinositol, phenol deriva-
tives, guanidinosuccinic acid, and para-
thyroid hormone [Baumgaertel 2014].
The accumulation of the advanced gly-
cation end-products contributes to dia-
betic, but also to non-diabetic renal dis-
eases [Wittmann 2015] and also might
be responsible for neuropathy.

Kidney replacement therapy seemed
to be effective in prevention of the urae-
mic neuropathy’s progression. It was
previously documented in the literature
that early uraemic peripheral neuropathy
may improve with increasing adequacy
of dialysis therapy [Bolton 1976]. Fol-
lowing the kidney transplantation clin-
ical recovery of the neuropathy is doc-
umented [Orbach 2004, Hamed 2019].

The prevalence of autonomic neu-
ropathy in uraemic patients has been
estimated more than 60 % [Vita 1999].
The pathogenic mechanisms of urae-
mic autonomic disorders [Hamed 2019]
are the accumulated toxins [Heidbred-
er 1985], the lack of a neurotroph-
ic factors [Zochodne 2000], anaemia
due to erythropoietin deficiency [Witt-
mann 2015, Biaggioni 1994, Kim 2009],
and the advanced arterial calcification
[Sato 2001]. Our KTx patients had low-
er haemoglobin and haematocrit levels
than the controls.

Immunosuppressive drugs applied
in KTX patients might also induce neu-
ropathy. Tacrolimus is a calcineurin-in-
hibiting drug, which is frequently and
widely used for immunosuppression fol-
lowing kidney transplantation. There
are just small series of patients or case
reports that have described tacrolim-
us-related development of peripheral
neuropathy: chronic sensorimotor poly-
neuropathy was found in 2 cases after
tacrolimus use following renal trans-
plantation [Bhagavati 2007]. Patients
on tacrolimus suggested to be carefully
monitored for symptoms of peripher-
al neuropathy [Bhagavati 2007]. Inci-
dence rates for paresthesia and periph-
eral neuropathy have been reported as
high as 40 % [U.S. Multicenter FK506
Liver Study Group 1994]. Several fur-
ther case reports were published accord-
ing to a tacrolimus-associated neuropa-
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thy after other organs’, not exclusively
kidney transplantation [Weerdt 2008,
Zhang 2019, Ayres 1994]. Tacrolim-
us-triggered optic neuropathy has been
appeared in the literature in the last de-
cade [Rasool 2018]. 87 % of our KTx
patients have received immunosuppres-
sive treatment with tacrolimus. 78 % of
the KTx patients were on an immuno-
suppressive treatment with the revers-
ible inhibitor of inosine monophosphate
dehydrogenase, mycophenolate mofetil.
Mycophenolate mofetil-induced periph-
eral neuropathy has also been detected
recently according to the treatment of
membranous glomerulonephropathy
[Moghimi 2021].

9 % of the KTx patients received
the mammalian target of rapamycin
(mTOR) inhibitor everolimus, which
has not well-known neuropathogenic
effect. One case report was published so
far about an everolimus-induced posteri-
or reversible encephalopathy syndrome
and bilateral optic neuropathy after kid-
ney transplantation [Touhami 2014].

Preexisting/post-transplant diabe-
tes mellitus (PTDM) induced neuropa-
thy also might be an explanation of our
findings. In our patients, 35 % of the
KTx subjects had diabetes. Post-trans-
plant diabetes is a common complica-
tion of the immunosuppressive thera-
py- The incidence rate of PTDM is con-
sidered in the literature above 10 % to
30 % [Markell 2001]. PTDM increases
the risk of graft loss and patient death
in renal transplant patients with diabetes
[Ojo 2000]. 57 % of the KTx subjects
had steroid therapy. In steroid-induced
diabetes the potential induction of neu-
ropathy must be considered. A transient,
steroid induced carbohydrate metabo-
lism disturbance may also contribute to
the neuropathological findings in this
special patient group. A significant pos-
itive correlation was observed between
plasma glucose and the CPT value of
the peroneal nerve at stimulating fre-
quency of 5 Hz in our KTx patients.
This association reveals a possible rela-
tionship between lower limb small fibre
dysfunction and high glucose levels in
this group. Further correlations were
not found between the metabolic and
neuronal abnormalities supporting the
fact that other pathogenetic factors than
hyperglycemia play important roles in

the development of neuropathy. Car-
diovascular autonomic and peripheral
neuropathy is frequent in type 1 and
type 2 diabetic patients with smoking,
high blood pressure and hypertriglyceri-
daemia [Fleischer 2014, Kempler 2002].
The prevalence of smoking and hyper-
tension was significantly higher in our
KTx patients supporting the possible
role of these factors as well.

The main limitation of our study is
the cross-sectional data acquisition of
the KTx patients and controls, a fol-
low-up design could provide additional
data on the progressive nature of neu-
ropathy in chronic kidney diseases. The
observed findings of KTx patients were
compared to healthy controls and not
to non-KTx subjects with kidney insuf-
ficiency. This kind of study would be
an aim of our further research activity.

In conclusion extended cardiovas-
cular autonomic dysfunction and upper
as well as lower limb sensory neuropa-
thy were found in chronic renal disease
following kidney transplantation. The
etiology seems to be multifactorial in-
cluding the disease duration, the kidney
function and several cardiovascular risk
factors. Further exploration of the etiol-
ogy and the possible role of transplan-
tation in the pathogenesis is required in
clinical studies.
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