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Journal of Medical Science.
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as the language of publications and by a wide
range of other organisational changes. They
were necessary to follow dynamic transfor-
mations on the publishing market. The Edi-
tors also wanted to improve the factual and
publishing standard of the journal. We wish
to assure our readers that we will continue
the good tradition of Nowiny Lekarskie.

You are welcome to publish your basic, med-
ical and pharmaceutical science articles in
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ABSTRACT

Background. Intravenous glucocorticoids pulses administration is the main therapeutic option in the treat-
ment of Graves' orbitopathy. Such therapy could relate to the multiple adverse effects. The aim of the study
is evaluation the influence of intravenous methylprednisolone (IVMP) pulse therapy on the heart rhythm (HR)
changes in patients with active, moderate-to-severe Graves' Orbitopathy (GO).

Methods. We studied 20 patients with moderate-to-severe GO. All patients received 12 IVMP pulses
(6 x 500 mg plus 6 x 250 mg) at equal time intervals in a weekly schedule. We performed Holter ECG monitor-
ing for 3 consecutive days (the day before, the day of IVMP and day after IVMP) to monitor HR and arrhyth-
mias. We compared changes in HR between these 3 days and set time interval when the alteration was sig-
nificant. This evaluation was performed during the 1st, 6th and 12th IVMP pulse.

Results. Increased HR, in comparison with the day before, was registered on the day of IVMP administration.
The most significant increase in HR started 5 hours (h) after a pulse administration and lasted 12 h. There
were no significant differences in HR between the day before and the day after IVMP. We did not notice any
major adverse cardiac events including severe arrhythmias.

Conclusions. IVMP therapy is associated with increased HR, that occurs a few hours after infusion, lasts
several hours and is transient.

Journal of Medical Science 2023;92(1)




Introduction

High doses of intravenous glucocorticoids
(GCs) are commonly used as a treatment for
many autoimmune and inflammatory disorders.
According to the European Group on Graves' Orb-
itopathy (EUGOGO) guidelines, intravenous meth-
ylprednisolone (IVMP) is an accepted first-line
agent for active, moderate-to-severe and very
severe Graves' orbitopathy (GO) [1]. This treat-
ment is proven to be more efficient and safer than
oral GCs. For active, moderate-to-severe GO it is
recommended to treat patients with twenty IVMP
pulses once weekly for 12 weeks. In the first 6
pulses, the dose is 0.5 g IVMP and for the next
6 weeks, it is reduced to 0.25 g IVMP.

However, some patients may experience
adverse cardiovascular effects during the admin-
istration of iv. GCs, which in rare cases may even
be fatal. There are limited data, mostly obtained
from case reports, reporting the occurrence of
venous thromboembolism, cardiac arrhythmias,
acute myocardial infarction or acute heart failure
[2]. Increased heart rhythm (HR) has drawn our
attention as a possible adverse effect correlated
with IVMP [3, 4]. During this study, we performed
72-hours of Holter monitoring to evaluate the
impact of IVMP on patients with moderate-to-se-
vere GO, concerning HR changes and arrhythmias.

Material and Methods

Study population

This observational study was conducted at the
Department of Internal Medicine and Endocrinol-
ogy at the Medical University of Warsaw between
2011 and 2015. 20 consecutive patients (14 wom-
en and 6 men) with active, moderate-to-severe
GO treated with IVMP pulse therapy following
EUGOGO, were enrolled in the study. The inclu-
sion criteria were: (1) age = 18 years; (2) euthy-
roidism (patients with hyperthyroidism treated
with antithyroid drugs, after radiotherapy/sur-
gical treatment on levothyroxine (L-T4) therapy,
if necessary, with euthyroid Graves' disease, or
with Hashimoto's disease on L-T4 therapy; and
(3) completion of 12 IVMP pulses. Patients with
previous GCs treatment in the last 6 months were
excluded from the research. Clinical characteris-
tics of patients are shown in Table 1.
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Ethical statements

This research was approved by the bioethics
committee at the Medical University of Warsaw,
Poland. Each patient submitted written consent
before the study.

Table 1. Clinical characteristics of the patient population.

Male, n (%) 6 (30)
Female, n (%) 14 (70)
Age, years (mean +SD) 5111
Etiology of GO
Graves' disease, n (%) 15 (75)
Hashimoto's disease, n (%) 5(25)
Smoking
Current smokers, n (%) 10 (50)
Past smokers, n (%) 7(35)
Non-smokers, n (%) 3(15)
Comorbidities
Hypertension, n (%) 9 (45)
Medications
Beta-blockers, n (%) 7(35)
ACEl, n (%) 6 (30)
ARB, n (%) 1(5)
Calcium-blockers, n (%) 5(25)
Statins, n (%) 5(25)
Diuretics, n (%) 1(5)
L-thyroxine, n (%) 14 (70)
Antithyroid drugs, n (%) 7(35)
Laboratory measurements
TSH, (range: 0.27-4.2 plU/mL) 22t15
fT4, (range: 12-22 pmol/L) 16.6 + 3.7
TBII, (N < 1.73 IU/L) 59+47

GO - Graves' Orbitopathy; AITD — Autoimmune Thyroid Dis-
order; ACEI - Angiotensin Converting Enzyme Inhibitors; ARB -
Angiotensin Receptor Blockers; TSH - thyreotropin; fT4 - free
thyroxine; TBII — thyreotropin binding inhibitor immunoglobu-
lin; Laboratory tests (TSH, fT4, TBII) are shown as a mean value
+ standard deviation (SD).

Study design and 24-hour Holter ECG monitoring
All participants received IVMP pulses following
EUGOGO recommendations (cumulative dose
of methylprednisolone 4.5 g, treatment duration
12 weeks in once-weekly iv. pulses, each pulse
in the first 6 weeks 0.5 g MP and next 6 weeks
0.25 g MP). Each pulse was administered at the
same time interval (10-12 a.m.). The clinical sta-
tus of patients was evaluated before each pulse,
including blood pressure monitoring, glucose lev-
el monitoring and symptoms of infection.

A 24-hour Holter ECG monitoring was carried
out with EXCEL 2 by Medilog Oxford and ROZINN
by Margot Medical. HR was measured hourly for 3
consecutive days (the day before, the day of IVMP
and the day after IVMP) during 1st, 6th and 12th



IVMP pulse. For every pulse, we performed 3 analy-
ses comparing mean, minimal and maximal circa-
dian HR between (1) the day before and the day of
IVMP, (2) the day of IVMP and the day after IVMP,
(3) the day before and the day after IVMP. To define
the exact time of the most significant difference
between HR we compared mean, minimal and max-
imal HR from corresponding hours between the day
before and the day of IVMP. We set the time interval
of the first and the last hour of the day when a sig-
nificant difference in HR between compared days
was observed. For this period, the average HR for
each patient was calculated. We performed a sta-
tistical analysis comparing average HR between
the day before IVMP and the day of IVMP, for the
defined time interval. Lastly, we searched for severe
arrhythmias in 24-hour Holter ECG monitoring.

Statistical Analysis

Statistical analysis was performed using version
13.3 Statistica software. Continuous variables
were demonstrated as mean * standard devia-
tion (SD) or median values (lower quartile-upper
quartile). Categorical data were presented as
numbers (n) or percentages (%). Comparisons
between mean, maximal and minimal circadi-
an HR were assessed before and after selected
IVMP pulses using a non-parametric Wilcoxon
signed-rank test. Results including p-value <0.05
were considered statistically significant.

Results

Increase in mean, minimal and maximal circadian
HR on the day of IVMP administration compared
to the day before was found in all analyzed puls-
es (p < 0.001 for Tst, p < 0.001 for 6th, p < 0.005
for 12th) (see Table 2). There were no statisti-
cally significant differences observed in mean,
minimal and maximal circadian HR, including
all pulses between the day before and the day
after IVMP infusion. Mean HR from correspond-
ing hours was compared between the day before
and the day of IVMP. Significant increase in HR,
concomitantly in all pulses, was noticed for the
first time at 5 p.m. This significant change in
HR, between the day before and the day of IVMP
was recurrent at every hour until 5 a.m. On this
basis, precise timeline representing a signifi-
cant change in heart rate starts on the day of
IVMP at 5 p.m. and lasts for 12-h, until 5 a.m.
the following day. During this period, a signifi-
cant increase in mean, minimal and maximal HR
was found between the day before and the day of
IVMP administration (see Table 3). This increase
in median HR was 18% for 1st and 6th pulse and
17% for 12th pulse. In the group with beta-block-
ers (35% of patients) we observed the same
trend of changes in HR. None of our patients
developed major adverse cardiovascular events
or serious heart rhythm disturbances. However,
we observed some mild and transient arrhyth-

Table 2. Changes in mean, maximal and minimal circadian heart rhythm on the day before, the day with
and the day after intravenous methylprednisolone (IVMP) administration during 1st, 6th, 12th pulse.

IVMP Pulse Day Before Pulse Day With Pulse Day After Pulse

(circadian) Median (Q1-Q3, n/min) Median (Q1-Q3, n/min) Median (Q1-Q3, n/min)
Mean HR

1st 77 (69-80) 82 (80-88) 78 (70-86)

6th 76 (68-77) 86 (80-88) 81 (74-87)

12th 80 (73-83) 85 (79-88) 76 (70-83)
Maximal HR

1st 90 (82-94) 96 (92-102) 93 (82-100)

6th 89 (82-91) 99 (93-103) 94 (84-99)

12th 93 (83-96) 98 (91-102) 89 (82-97)
Minimal HR

1st 62 (57-66) 69 (67-72) 65 (56-72)

6th 62 (56-64) 70 (67-75) 69 (61-74)

12th 67 (61-70) 70 (67-74) 65 (58-70)

HR: average heart rhythm [n/min], Q1: lower quartile, Q3: upper quartile.

Journal of Medical Science 2023;92(1)




mias during ECG monitoring, such as: supraven- from atrial fibrillation. Some of patients reported

tricular extrasystoles, ventricular extrasystoles, feeling of tachycardia after IVMP infusion which
supraventricular tachycardia, supraventricular was without any additional side effect, and they
and ventricular pairs. None of patients suffered described as a mild disorder.

Table 3. Changes in mean heart rhythm during 12-h time interval (5 p.m.—5 a.m.) on the day before
and the day with intravenous methylprednisolone (IVMP) during 1st, 6th, 12th pulse. P-value was
assessed using a non-parametric Wilcoxson signed-rank test.

IVMP Pulse Day Before Pulse Day With Pulse p-value
(5p.m.-5a.m.) Median (Q1-Q3, n/min)  Median (Q1-Q3, n/min)
Mean HR
st 69 (66-76) 82 (79-88) <0.001
6th 69 (66-75) 82 (79-90) <0.001
12th 73 (68-80) 83(78-88) <0.002
Maximal HR
1st 82 (77-90) 96 (91-101) <0.001
6th 83 (76-88) 97 (93-103) <0.001
12th 83(77-92) 96 (90-102) <0.005
Minimal HR
1st 57 (56-63) 70 (67-75) <0.001
6th 57 (56-62) 68 (67-76) <0.001
12th 64 (60-68) 70 (65-75) <0.002

HR: average heart rhythm [n/min], Q1: lower quartile, Q3: upper quartile
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Discussion

GO is the main extrathyroidal manifestation of
Graves' disease, though severe forms are rare [1].
IVMP is a well-established first-line treatment
for moderate-to-severe active GO with better
response rate and tolerance than oral GCs. How-
ever, there are reports of serious adverse effects
associated with this therapy [2, 5], Cardiovascular
disorders and various arrhythmias after corticos-
teroid pulse therapy have been observed in sev-
eral diseases [2, 5-7].

Most commonly, cardiac arrhythmias
described as related to IVMP were ventricular
tachycardia [8], bradycardia [9] and atrial fibrilla-
tion [10-12]. However, there were also described
cases of cardiovascular collapse [13], cardio-
circulatory arrest [14] and sudden death [15].
A range of these serious cardiac arrhythmias
can be observed shortly after methylprednisolo-
ne (MP) infusion [3] as well as during late hours
after treatment [8, 9]. Although it seems that
proarrhythmic impact of IVMP depends on the
dose and the type of used drug, the mechanism
remains unclear.

In Migkiewicz et al. [16] study the impact of
IVMP on blood pressure (BP) and N-terminal
pro-brain natriuretic peptide level was investi-
gated. Increase in maximal systolic BP and mean
nocturnal BP was observed with a higher preva-
lence of non-dipping BP profile. The results sug-
gested a cumulative effect of IVMP on BP with
compensatory higher brain natriuretic peptide.

In the presented study, HR was significantly
higher on the day of IVMP administration in com-
parison to the day before and the day after infu-
sion. Besides, the change of HR was significantly
greater 5-h after IVMP infusion, in the 12-h time
interval (5 p.m.—5 a.m.) with an average increase
of 20% for all pulses. Our results are consis-
tent with previous reports by M. Pishgahi et al.
[3] and Fujimoto et al. [4] in which significant
increase in HR after pulse therapy was detect-
ed, including ventricular tachycardia in the sec-
ond study. However, ECG monitoring could not
accurately elucidate changes in cardiac rhythm.
Both authors suggested that these dysrhythmias
might be an effect of acute shift of potassium
across the cell's membrane. Glucocorticoids, like
methylprednisolone, can alter electrolyte levels,
particularly potassium and sodium, through their

Journal of Medical Science 2023;92(1)

activation of the mineralocorticoid receptor (MR).
This leads to changes in sodium reabsorption
and potassium excretion, which help regulate
salt concentration in the body. While methylpred-
nisolone has minimal mineralocorticoid activity,
high doses of the drug may bind to the miner-
alocorticoid receptor in the collecting duct and
increase these effects [17]. Low potassium levels
(hypokalemia) can affect the resting membrane
potential of heart cells and reduce repolarization
reserve, increasing the risk of tachyarrhythmias
such as Torsade's de pointes and polymorphic
VT, which can progress to ventricular fibrilla-
tion and sudden cardiac death [18]. Although the
blood levels of sodium and potassium were not
measured in the study, an increase in heart rate
observed in the study supports the hypothesis
that the intravenous use of methylprednisolone
may be contributing to these effects through its
hypokalemic effects.

Bradyarrhythmias were not observed in our
study. Our findings are inconsistent with results
obtained by Tvede et al. [9], who noted a one-week
decline in heart rhythm in all 5 patients after they
received MP. Similar report by Yong et al. [19] pre-
sented significant decrease in mean HR during
the 1.5-h time interval after IVMP administration
with no cumulative effect. What is also impor-
tant in our study, 35% of analyzed patients were
exposed to beta-blockers. This group was not
statistically different in the HR changes and inci-
dence of cardiac arrythmias.

Our report indicates that IVMP therapy is
associated with increased HR after each pulse.
The change in HR is transient and last only on
the day of IVMP infusion. None of our patients
developed major cardiovascular adverse events
or serious heart rhythm disturbances. Most of
the patients reported feeling of tachycardia after
IVMP infusion but was described as a mild side
effect. However, elderly or obese patients with
cardiovascular comorbidities may have a higher
risk of developing cardiac adverse events [6]. We
did not observe difference between group with
and without betablockers, but our patients were
without severe cardiac diseases. In the group of
patients with higher risk of cardiac exacerbation,
routine betablocker therapy should be considered
with cardiac rhythm monitoring. The mechanism
of influence of IVMP is not clear and needs fur-
ther investigation.



Limitations

This study has some limitations. There was
a small group of patients and our trial did not
investigate the underlying cause of the increased
heart rhythm after IVMP.

Conclusions

Therapy with IVMP is associated with increased
HR which occurs a few hours after infusion.
Changes in heart rate (about 20%) last sev-
eral hours, are transient and do not lead to any
adverse cardiovascular events. Future research
needs to be performed to provide greater insight
into the correlation between IVMP and HR.
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ABSTRACT

Background. Dexmedetomidine (DEX) is a widely used sedative agent for treating post-surgery patients. It
also acts on hemodynamic parameters like heart rate or cardiac output. This study aimed to develop a phar-
macokinetic-pharmacodynamic (PK/PD) model of DEX using bispectral index (BIS) and cardiac output (CO)

as aresponse.

Methodology and results. 21 mechanically ventilated elderly cardiac patients undergoing abdominal aor-
tic surgery were enrolled in the study. DEX was given to maintain moderate or deep sedation. Genotypes
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of ADR2A’55 were identified using real-time PCR-HRM. Data were analyzed using nonlinear mixed-effect
modelling. A two-compartment model described DEX pharmacokinetics. The sigmoid E,,., and linear mod-
els were used to describe BIS and CO measurements. The typical value of EC,,for DEX effects on BIS was
3.62 ng/ml, and the slope between CO and DEX concentrations was 0.819 (L/min)/(ng/ml). We were unable to
show the effects of considered covariates on DEX pharmacodynamics.

Conclusions. We proposed the PK/PD model of DEX to understand better the BIS and CO changes observed
after surgery. The measured Cl values were in the reference range showing that the used doses of DEX

ensured stable cardiac function in the studied patients.

Introduction

Dexmedetomidine (DEX) is a highly selective
a,-agonist with anxiolytic, analgesic, and seda-
tive effects [1]. It binds to a,,-adrenergic recep-
tors in locus coeruleus that causes sedation
similar to natural sleep [2]. DEX is used in all age
groups in perioperative, procedural and ICU seda-
tion, premedication, withdrawal syndrome treat-
ment, delirium, or as an adjuvant to anaesthesia
[3]. It is also recommended to achieve minimal
and moderate sedation whenever a patient state
does not require deep sedation [4]. Its use is also
associated with an analgesic-sparing effect [5].
DEX causes a dose-dependent decrease in heart
rate (HR), cardiac output (CO), systolic (SBP),
and diastolic blood pressure (DBP) [6]. However,
a high dose and a quick application of DEX can
increase blood pressure [7]. DEX does not cause
respiratory depression in an approved dosage
range (0.2-1.4 ug-kg™-h™") contrary to other seda-
tive drugs [8]. Another advantage of this drug is
the possibility of contact with a patient during
drug administration, which is compatible with
current guidelines [9].

DEX, for the first time, was approved for seda-
tion for continuous infusion not exceeding 24
hours, in the range of 0.2-0.7 pg-kg™-h" (Pre-
cedex®). The producer specified a therapeu-
tic concentration of this drug as the range of
0.4 to 1.2 ng/ml for the registered dosage [10].
Over time, new science reports were published,
and EMA registered DEX (Dexdor®) in Europe for
sedation for up to 14 days with the range of 0.2—
1.4 ug-kg™h™. The therapeutic concentration has
been assessed up to 2.4 ng/ml [8]. A concentra-
tion higher than 1.9 ng/ml causes loss of con-
sciousness [11]. Consequently, DEX concentra-
tion should be kept below 1.9 ng/ml to achieve
minimal to moderate sedation.
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DEX is widely used in elderly patients. It
decreases the number of postoperative cogni-
tive dysfunction and delirium incidences, par-
ticularly vulnerable in geriatric patients [12, 13].
Perioperative use of DEX decreases in-hospital
and operative mortality and reduces incidences
of postoperative stroke in elderly patients follow-
ing cardiac surgery [14]. It improves sleep quality
and decreases the administration and risk of side
effects of opioids [15].

The patient's age, body mass index, cardi-
ac output, serum albumin levels, and liver and
kidney function were identified as covariates
influencing DEX pharmacokinetics [16]. Also,
genetic polymorphism of a,-adrenergic recep-
tor (2A subtype) was identified to affect phar-
macological response after DEX administration,
e.g. rs1800544 or rs553668 [17, 18]. However, the
influence of this polymorphism on the sedative
effect of DEX is yet to be fully established.

The present study aims to characterize the
pharmacokinetics and pharmacodynamics of
DEX in cardiac patients after abdominal aortic
surgeries. The secondary aim of this work was
to identify potential factors explaining inter-in-
dividual variability in PK/PD parameters, includ-
ing age, body weight, and polymorphism of the
a,,-adrenergic gene.

Materials and methods

Patients and genotype identification

All procedures performed on human participants
were under the ethical standards of the institu-
tional research committee and the 1964 Helsinki
declaration and its later amendments or compa-
rable ethical standards. The institutional Bioethi-
cal Committee approved the study protocol with
permission numbers 213/13 and 572/16.



It was an observational study on elderly surgi-
cal patients from Anaesthetics and Critical Care
Department (University Hospital of Lord's Trans-
figuration, Poznan University of Medical Sci-
ences) sedated with DEX after abdominal aortic
surgery. General anaesthesia was started with
induction by a single dose of propofol and con-
tinued with sevoflurane. DEX administration was
initiated immediately after arrival in the ICU (<
1h). Patients were mechanically ventilated during
analgosedation. Patients were excluded if they
had bradycardia, significant hemodynamic insta-
bility, and confirmed allergies to DEX.

Dexmedetomidine hydrochloride (Dexdor, Ori-
on Pharma Poland sp. z.0.0.) infusion was initi-
ated at a rate of 0.7 pg-kg™-h™ without a load-
ing dose and followed by continuous infusion
at a rate ranging from 0.08 to 1.39 pg-kg™h™.
The drug was given to obtain moderate or deep
sedation [9, 19, 20] in monotherapy (four patients
additionally received a single dose of propofol/
midazolam, and one patient obtained a continu-
ous infusion of propofol with ketamine). The
administration of DEX was combined with anal-
gesics (oxycodone, acetaminophen, tramadol, or
metamizole). It was discontinued when there was
significant hemodynamic instability, after patient
extubation, or at the physician's discretion. DEX
doses and co-administration of other drugs
depended on the patient's health status, sedation
scale, vital parameters, cardiovascular function,
and implemented procedures. Clinical adverse
hemodynamic instability was bradycardia (heart
rate <50 beats per minute) and/or hypotension
(systolic blood pressure <90 mmHg or mean arte-
rial pressure <65 mmHg).

The depth of sedation was assessed using
the bispectral index (BIS), which was monitored
by IntelliVue MX800 (Philips, Netherlands). BIS
values were kept between 50 and 80 to main-
tain moderate to deep sedation [9, 19, 20]. Car-
diac index, a hemodynamic parameter related to
cardiac output, was measured by FloTrac Sys-
tem (Edwards Lifesciences, USA). In addition,
the following vital parameters were also moni-
tored: heart rate, stroke variation volume (SVV),
and systolic, diastolic, and mean arterial pressure
(SBP, DBP, MAP). All parameters were measured
and recorded in the study protocol immediately
before (baseline values), during the infusion, and
after its cessation.

The Supplementary Material describes geno-
type identification.

Pharmacokinetic-pharmacodynamic model

A pharmacokinetic model was built in the first
step and described in our previous publication
together with the analytical method [21].

The population nonlinear mixed-effect model-
ling was done using NONMEM (Version 7.2.0, Icon
Development Solutions, Ellicott City, MD, USA)
and the Fortran compiler 9.0. NONMEM runs were
executed using Wings for NONMEM (WFN720,
http://wfn.sourceforge.net). The FOCE estimation
method with the interaction option in NONMEM
was applied. The minimum value of the NONMEM
objective function (OFV), typical goodness of fit
diagnostic plots, and evaluation of the precision
of the PK/PD parameters and variability esti-
mates were used to discriminate between various
models during the model-building process. The
NONMEM data processing, simulations, and plots
were carried out using Matlab® Software version
7.0 (The MathWorks, Inc., Natick, MA, USA).

A two-compartment model with parameters
fixed to the previously estimated values was used
to describe DEX PK [21]. The BIS values were
linked to DEX concentrations (Cp) and hypo-
thetical concentration (C,) of drugs administered
prior to DEX administration (propofol and sevo-
flurane) through the following E,,,, model:

CDEX + CX j

CSO,DEX E CS(),X
C’DEX + C’X

ECSO,DEX ECSO,X

BIS = BIS,| 1- {
1+

M

This equation was further rearranged, assum-
ing C, decreases mono-exponentially with a rate
k. It leads to the following equation assuming an
additive interaction between all the drugs:

C(tj)+ Xo,i 'Cxp(_ki 'tj)
C(t,-) +X,, -exp(k, 'tj) + ECsy ppx

2)

BIS(F,t,)=BIS,, | 1

In Eq. 2, denotes the baseline Cy , multiplied by
the ratio of EC,, of DEX and EC,, of propofol and
sevoflurane, BIS, denotes the baseline BIS score

Journal of Medical Science 2023;92(1)



(fully awake), E,,., is the maximal effect fixed to 1
(BIS value of zero at sufficiently high concentra-
tions of DEX), ECs, is the drug concentration lead-
ing to half-maximal effects.

The cardiac output was finally described using
the following linear model:

CO(Pntj) = COo,i ~(I-SL, - C(tj ) &)

where CO, denotes the baseline CO, and SL
denotes the change in CO per unit change in DEX
concentrations.

Inter-individual variability (1IV) for all PD
parameters was modelled assuming log-normal
distribution:

P, =6, exp(n,,) @)

where P, is the set of PK/PD parameters for i
individual, 8, is the population estimate of PK
parameters, n; is a random effect for a particular
parameter with mean 0 and variance w;”.

Any j"" observation of BIS and CO measured at
time t;, as defined by the following equation:

BIS o = BIS(P, 1) + &4 (5)
COpy i =CO(P, 1)+ &0, ©®)

CO and BIS denote the basic structural popu-
lation model (Eq. 2 and 3). P, is a pharmacokinetic
parameter for the i"" individual, and Ecoj and ggg;
represent the proportional residual intra-individ-
ual random error. We assumed that € was sym-
metrically distributed around a mean of 0, with
variance denoted by ¢°.

Covariance Analysis

The covariate search was performed by plotting
individual (post-hoc) estimates of the PK param-
eters against covariates (weight, age) to identify
their potential effects. The categorical covari-
ates (i.e. noradrenaline use, polymorphism) were
included in the model based on indicator vari-
ables. The difference in the minimum NONMEM
OFV obtained for the two hierarchical models
(likelihood ratio) is approximately x2 distributed.
During the covariate search, the effect of each
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covariate was examined by adding an appropri-
ate equation to the base model. When the differ-
ence in OFV between the models amounted to
3.84 for one degree of freedom, it was consid-
ered statistically significant (at p < 0.05) for the
covariate to be included in the base model. This
process was repeated until all significant covari-
ates were added. Then backward elimination was
performed by removing one covariate at a time.
The least important covariate was dropped from
the model according to the OFV unless that dif-
ference in OFV was more significant than 6.63
(corresponding to p < 0.01). The final model was
established when no more covariates could be
excluded.

Model evaluation
The model performance was assessed using
Visual Predictive Check (VPC). The VPC calcula-
tion was based on 1000 datasets simulated with
the final parameter estimates. This study used
the 10th, 50th, and 90th percentile to summarize
the data and VPC prediction. The VPC compares
the confidence intervals obtained from prediction
with the observed data over time. If the corre-
sponding percentile from the observed data falls
outside the 95% confidence interval derived from
predictions, it indicates the model misspecifica-
tion. Since PD data deviated from nominal times
to some extent, binning across time was done.
Evaluation of model robustness was based on
the non-parametric bootstrapping with 1000 rep-
licates. From the bootstrap empirical posterior
distribution, 90% confidence intervals (5"-95"
percentile) were obtained for the parameters
described by Parke et al. [22].

Results

Patients and genotype identification

Twenty one elderly patients were enrolled in the
study (eighteen male and three female) from the
Anaesthetics and Critical Care Department (Uni-
versity Hospital of Lord's Transfiguration, Poznan
University of Medical Sciences). The patient's age
and weight were 68 (IQR = 9) and 75 (IQR = 13) kg.
DEX was given to maintain moderate (n = 13) or
deep (n = 7) sedation after abdominal aortic sur-
gery in mechanically ventilated patients. DEX
administration was initiated 38.9 (+20.0) min-



utes after the end of anaesthesia with an infusion
rate of 0.7 pg-kg™-h™. The infusion was continued
with a rate ranging from 0.08 to 1.39 pg-kg™h™
and lasted 295 (IQR = 156) minutes (four patients
received DEX for >24 hours). The cumulative dose
equalled 331.47 (IQR = 186.53) ug.

Genotypes of ADR2A’55 were identified for
all patients except patient number 1003. Eigh-
teen had a wild type (G|G), and two people were
heterozygous (A|G, ID: 1008 and 10016). Accord-
ing to the Ensembl database [23], genotype distri-
bution in the European population is 0.702, 0.276,
and 0.022 for GIG, A|G, and A|A, respectively. The
corresponding values in this study are 0.90 (G|G)
and 0.10 (A|G), and 0.0 (AJA).

Pharmacodynamic and hemodynamic data
PD parameters included depth of sedation (bispec-
tral index, BIS) and cardiac output (cardiac index
converted to cardiac output). For two patients
(ID = 1002 and 1005), the CO and for one patient
(1002), the BIS measurements were missing. The
observed time profiles of BIS and CO are present-
ed in Figure 1. Baseline and mean (over the infu-
sion duration) values of hemodynamic parameters
are presented in Table S1, along with PD data.
Observed median (range) values of PD param-
eters during DEX infusion were 65.7 (40.4-80.4) for
BIS, 2.69 (1.96—3.86) Lmin™"-m™for Cl, 6.60 (3.00—
15.25) % for SVV, 66.5 (59.5—94.7) beats/min for HR,
120.00 (83.67-167.50) mmHg for SBP, 58.57 (44.67—
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Figure 1. The observed time profiles of bispectral index and cardiac output. Straight lines connect dots

representing measurements.
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78.50) mmHg for DBP, and 79.94 (66.71-110.00)
mmHg for MAP. All values were lower during the
infusion period when compared to the baseline.

One hundred fifty-one heart rate measure-
ments (from 805) were below 60. Incidences of
bradycardia recurred in 6 patients (1002, 1008,
10015, 10018, 10020, and 10021). We noticed 48
(from 933) SBP values below 90 and 80 (from 830)
MAP values below 65. Incidences of hypotension
recurred in 6 patients (1007, 10012, 10013, 10014,
10018, and 10021).

PK/PD model parameters and simulations

The previously described pharmacokinetic mod-
el was built for 70 patients, including the studied
group [21]. The individual PK parameters were
used as a driving force of PD responses. The typ-
ical values of PK parameters were estimated at

22.5 L for the volume of the central compartment,
86.1 L for the volume of the peripheral compart-
ment, 34.7 L/h (for a typical patient) for systemic
clearance, and 40.8 L/h for the distribution clear-
ance. These values are consistent with the lit-
erature findings [24, 25]. The sigmoid E,,,, model
was used to describe the BIS effect and the linear
model for the CO effect.

Table 1 provides the final parameter esti-
mates and bootstrap results. All parameters and
inter-subject and residual error variances were
estimated with low (<50%) coefficients of varia-
tion (%CV). The shrinkage was small for baseline
cardiac output and bispectral index and moder-
ated for other parameters. The inter-individual
variability (IIV) was estimated for all parameters,
except k. It was moderate (<60%) for the CO, and
BIS, and high (60—99%) for other parameters.

Table 1. The parameter estimates of the final PK/PD model of DEX. The bootstrap estimates are given for comparison. 1 out of 1000
bootstrap runs terminated early. RSE denotes relative standard errors whereas CV coefficient of variation.

Parameter Description 0, Estimate Estimate,
[unit] (%RSE) [Shrinkage] Bootstrap Median [5™-95" CI]
B0, [L/min] Baseline cardiac output 5.79 (6) 5.81[5.28-6.43]
. Slope between CO and DEX _
B, [(L/min)/(ng/ml)] concentrations 0.819 (31.9) 0.845[0.461-1.31]
Chsa Baseline BIS 87.9 (4.5) 88.6[81.1-93.9]
Hypothetical concentrations of other than _
Byo[ng/ml] DEX at the infusion start 0.923 (34.6) 0.951[0.518-2.01]
Becso [Ng/ml] ECs, of DEX 3.62(25.1) 3.66 [2.42-6.21]
o, [1/h] Elimination rate constant of drugs given 0.299 (15.4) 0.291 [0.217-0.371]

prior to DEX administration

Between Subject Variability

wzco,o [%CV]

Inter-individual variability of CO,

24.1(18.2) [8.4] 23.3[14.7-30.4]

w?s, [%CV] Inter-individual variability of SL 88.5 (27.0) [27.6] 83.7[37.6-129]

Wg50[%CV] Inter-individual variability of BIS,0 17.0 (4.5) [7.8] 16.1 [1.4-25.6]

w2, [%CV] Inter-individual variability of X, 92.5(22.7) [24.2] 87.3[.9-120]

W2eesp [%CV] Inter-individual variability of EC50 77.7(18.0) [17.4] 73.8[36.6-96.7]
Residual Error Model

0* Additive residual error variability for BIS 9.66 (6.4) [5] 9.72[8.7-10.8]

o’[L/min] Additive residual error variability for CO 0.874 (12.8) [4.2] 0.873[0.681-1.05]
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The typical values of EC,, for DEX effects on
BIS were estimated at 3.62 ng/ml, and the slope
between CO and DEX concentrations in the linear
model for CO was estimated at 0.819 (L/min)/(ng/
ml). Baseline values of CO and BIS were 5.79 L/
min and 87.9, respectively. The following covari-
ates that potentially impact DEX pharmacody-
namics were analyzed during the model-building
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process: age, body weight, noradrenaline use,
and single nucleotide polymorphism of ADRAZ2A.
Figures 2 and 3 present the results. None of the
analyzed covariates has an impact on DEX PD.
However, since only two patients had a muta-
tion of ADRA2A'55 and four patients received
noradrenaline, these results should be treated as
exploratory.
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Figure 2. The relationship between individual values of PD parameters and subject body weight or age.
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Figure 4 shows goodness-of-fit plots for the (VPC) for DEX PD was used to assess the simula-

final model. The individual predictions are close tion properties of the model. Figures 5 (for CO) and
to the experimental data with no significant sys- 6 (for BIS) depict the results. VPC plots did not show
tematic bias, indicating the model's good perfor- any major misspecifications as both the central
mance. Other goodness-of-fit plots also confirmed tendency of the data and the variability at a partic-
this performance. Finally, a visual predictive check ular sampling time are adequately recaptured well.
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Figure 4. Goodness-of-fit plots for the final PK/PD model: the observed versus the population predicted responses, the

observed versus the individual predicted responses, the conditional weighted residuals (CWRES) versus the individual
predicted responses and the CWRES versus time.
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Discussion

The present study aimed to perform a population
PK/PD analysis of DEX in elderly patients after
abdominal aortic surgery.

The DEX concentrations were measured in all
subjects. According to the earlier findings, the
therapeutic range (0.4-2.4 ng/ml) was achieved
in 18 patients, and all concentrations were in
the range of 0.4-1.9 ng/ml. The plasma concen-
trations <0.4 ng/ml were noted in patients 1005
and 10016. Patient no 1001 had two measured
concentrations >2.4 ng/ml, and the mean BIS
value during analgosedation was 54.17 (deep

sedation). Nevertheless, the mean BIS values in
patients 1005 and 10016 were 51.86 (deep seda-
tion) and 77.00 (moderate sedation), respective-
ly. Five patients had a mean BIS value <60 (deep
sedation), whereas drug concentrations were
<1.2 ng/ml during infusion. Our findings show
high inter-individual variability in drug response
in this homogeneous group of patients.

The bispectral index was chosen to estimate
the sedative effect of DEX based on the sigmoi-
dal E,,, model. The E,_,, model was also used to
describe bispectral index as a pharmacodynamic
effect of other drugs, e.g. propofol [26, 27], sevo-
flurane [28], or propofol with fentanyl [29]. DEX
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infusion was initiated on average 38.9 min after the
end of anaesthesia. Thus, patients were still under
the influence of drugs used in anaesthesia (mainly
propofol and sevoflurane) and the estimated base-
line BIS values were 87.9 (the value for minimal
sedation and anxiolysis). Drug concentrations at
the start of DEX infusion (X0) were incorporated
into the model to consider this. The estimated EC;,
was 3.62 ng/ml. Colin et al. [30] developed a PK/PD
model of DEX in healthy volunteers (9 females and
9 males aged: 18—72 years). They observed a rela-
tionship between C,, (an effect-site concentration
necessary to reach half of the maximal effect) and
BIS values. The estimated C,,was 2.63 ng/ml in
healthy volunteers with a baseline BIS value of 96.8
and 4.78 ng/ml in healthy volunteers with a base-
line BIS value of 89.7. The second group had simi-
lar BIS and slightly higher EC,, than our patients.
Furthermore, older adults enrolled on the study
are likely to present sensitivity to many drugs [31].
Additionally, Colin et al. examined healthy volun-
teers, whereas we researched surgical patients.
Wang et al. [32] showed that the DEX dose should
be decreased with the increasing age of the patient.
Acceptable sedation using DEX was achieved in
patients aged 65-74 and 75-85 years when the
drug dose was 0.57 and 0.38 pg/kg, respectively.
Because of few scientific reports about DEX PD
models (using BIS as a response), comparing our
results with other research is challenging. The dif-
ferences in side effects of DEX related to patient's
age were observed by Shehabi et al. [33], who con-
ducted SPICE Il randomized controlled trial and
noticed that the early use of DEX in ventilated criti-
cally ill patients is likely beneficial in patients older
than 65 years regardless of diagnostic categories
and illness severity. They observed a high prob-
ability of reduced 90-day mortality in this group
of patients. On the other hand, the study showed
that early DEX-based sedation in younger patients
appears likely to increase 90-day mortality, par-
ticularly in non-operative critically ill patients with
high severity of illness [33]. They reported that bra-
dycardia and hypotension were more frequently
occurring side effects in patients with DEX-based
sedation than in another group [34]. We did not
observe bradycardia episodes among elderly ICU
patients included in our previous study, which was
not the case for hypotension episodes. We con-
cluded that DEX could be safely used in geriatric
population, but hemodynamic parameters need
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careful monitoring during DEX administration [35].
The European Medicine Agency based on SPICE IlI
warned about increased mortality risk in intensive
care unit patients <65 years [36].

Yoo et al. [37] focused on noradrenaline
decrease due to the DEX effect and described this
relationship using an indirect response model.
They related noradrenaline concentrations to BIS,
BP or HR. DEX effect on the bispectral index was
described using a sigmoidal E,,,, model controlled
by noradrenaline in an effect compartment. They
estimated EC,, at 3.9 nnmol/L (noradrenaline).
Unfortunately, they did not estimate EC,, for DEX
concentrations. Li et al. [38] developed the PD
model of DEX, but they used the Ramsay score
to evaluate the sedation effect of the drug. More-
over, DEX was administered as a single intranasal
dose to healthy volunteers.

PD model for cardiac function

Cardiac output was monitored in the studied sub-
jects as a pharmacodynamic response to DEX
[39, 40]. The hemodynamic effect was described
by a linear model. E,,,,, model was also tested, but
EC,, tended to large values implying a linear rela-
tionship between CO and DEX. A linear relation-
ship between the drug effects on cardiac output
was also described for other drugs, e.g. dobu-
tamine [41], dopamine [42], and ketamine [43].
Occasionally an E,,, model was used, e.g. for
propofol [44]. Cardiac output (converted to car-
diac index) was monitored in 19 patients (17 of
them were measured baseline value). Baseline Cl
was 2.9 (2.1-6.0) Lmin"-m™whereas the average
value during DEX infusion was 2.69 (1.96—3.86)
Lmin™-m™. It is worth remembering that parame-
ters baseline values were measured after anaes-
thesia when patients were still under anaesthetic
drugs. Drug concentrations were inversely pro-
portional to cardiac output. All measured CI val-
ues were in the reference range for the elderly
(>60 years) — 1.88-4.71 L'min"-m™ [45]. That
confirms DEX's influence on cardiac output and
shows safe use doses. There were only a few
incidents when the values were below the recom-
mended threshold (patient 1001). Furthermore,
there were noted high plasma concentrations in
patient 1001, whereas the infusion rate was 0.13-
0.80 pg-kg™h™. Cardiac output influenced DEX
clearance which could be a reason for high plas-
ma drug concentrations [46].



Covariate testing

This work assessed the effect of single nucleotide
polymorphisms of the ADR2A gene (ADR2A’55,
rs553668) on clearance. There is a higher gene
expression level in mutated forms than in wild
types. A mutant allele variant increases the risk
of hypertension, childhood attention-deficit
hyperactivity disorder, increased platelet-in-
duced platelet aggregation, increased heart rate
in response to lower-body negative pressure, and
lower levels of haemoglobin A,, and total choles-
terol [47]. Kurnik et al. [18] proved that mutation in
one position (rs553668) affects DEX pharmaco-
dynamics, causes a more robust drug response,
and also more considerable differences in blood
pressure than in patients with wild-type geno-
type. Among the researched group, two patients
had a mutated form of the examined polymor-
phism — A|G. Nobody was mutated homozygous
(AJA). ADR2A’55 genotype was tested as a cova-
riate during the model-building process, and we
could not to find any relationship. We see the
need to expand the researched group to re-ex-
amine this effect with more mutated forms.

Four patients received noradrenaline dur-
ing DEX infusion (10015, 10018, 100116, 10021).
Noradrenaline influences cardiovascular func-
tions, e.g. increases mean arterial pressure.
However, its effect on cardiac output is ambigu-
ous. It causes both an increase and a decrease
in cardiac output. Maas et al. [48] examined car-
diac output changes in cardiosurgical patients
that received noradrenaline. They found that
stroke volume variation could predict this cat-
echolamine effect on cardiac output. They
observed that a high SVV baseline value (14.4
+ 4.2) provoked a rise in cardiac output after
noradrenaline, whereas low values (9.1 £ 2.4) —
a decrease in CO. In three researched patients
that received noradrenaline baseline SVV value
was <5, in one case — 12 (Table S2). Two cases
followed Maas' results. It is 50% of the analyzed
group. We could not draw a definitive conclusion
about the relationship between SVV and CO in
patients who obtained noradrenaline.

We are aware that our research has some lim-
itations. The study is small, with 21 patients, of
which only two people had the mutation in the
ADRA2A gene (ADR2A’55) and only four patients
received noradrenaline. Therefore, we could not
prove the influence of mutation and noradrena-

line use on DEX pharmacodynamics. Patients
were under the impact of anaesthetic drugs at
the beginning of DEX infusion, which affected the
PD responses. We did not have sufficient data to
evaluate the effect of anaesthetics on PD DEX.
Other drugs presenting an effect on CO were not
assessed. We measured only DEX concentrations.
We did not undertake to asses a DEX influence
on hemodynamic parameters, e.g. SBP, DBP, HR,
because the administration of the drugs affects
blood pressure and heart rate. We should have
also taken into account fluid management. How-
ever, the study provided a model describing DEX
PD in patients with low BIS values at baseline.
The results indicate that the DEX dose depends
on the BIS value at baseline. The finding is a clini-
cally significant example of drug interactions at
the pharmacodynamic level. It also indicates that
measuring the concentration of all drugs affect-
ing BIS is necessary to understand DEX pharma-
codynamics in real clinical scenarios fully.

Conclusions

The PK/PD model of DEX was built based on data
from 21 patients treated in ICU. Cardiac output
was described using a linear model, whereas BIS
was with the Emax model. The measured Cl val-
ues were in the reference range showing that the
used doses of the drug ensured stable cardiac
function in the examined elderly patients group.
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Supplementary material

Genetic method

As afirst step, DNA was isolated from frozen anti-
coagulated whole blood using an E.Z.N.A.® Blood
DNA Kit (Omega Bio-Tek). The DNA purification
procedure was carried out according to the man-
ufacturer's instruction [1]. The isolated DNA was
stored at 20°C.

Genotype identification was carried out
by real-time polymerase chain reaction with
high-resolution melting analysis (real-time
PCR-HRM) using a LightCycler® 480 Il system
(Roche® Diagnostic GmbH, Mannheim, Germa-
ny). One single nucleotide polymorphism (SNP)
of an a2-adrenergic receptor gene was selected
for the study — ADR2A’55 (rs553668).47 A primer
pair was designed for a PCR amplification reac-
tion using Oligo 7.6 software (Primer Analysis
Software, Colorado, USA) and is presented below.

F: 5" GCTGCCCTTAGCATTTTTCTT 3
R: 5" GCTAATTCCCCTTCCATTCC 3'

Journal of Medical Science 2023;92(1)

The optimal annealing temperature (50°C)
was evaluated by real-time PCR amplification
with a gradient of annealing temperature using
LightCycler® 96 (Roche® Diagnostic GmbH,
Mannheim, German. Software: LightCycler® 96
1.1.0.1320, 2011, Roche Diagnostic International
Ltd.). LightCycler® 480 High Resolution Melting
Master kit was used to perform real-time PCR.
The reaction was performed according to the
manufacturer's instruction [2]. The amplification
products were analyzed by high resolution melt-
ing curve analysis. The obtained data were eval-
uated using LightCycler® 480 Gene Scanning
Software.
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ABSTRACT

Aim. We investigate Alexander's inverted pendulum model, the simplest mathematical model of human walk-
ing. Although it successfully explains some kinematic features of human walking, such as the velocity of the
body's centre of mass, it does not account for others, like the vertical reaction force and the maximum walk-
ing speed. This paper aims to minimally extend Alexander's model in such a way as to make it a viable and
quantitative model of human walking for clinical biomechanics.

Material and methods. In order to compare the predictions of Alexander's model with experimental data on
walking, we incorporate in it a robust phenomenological relation between stride frequency and stride length
derived in the literature, and we introduce a step-angle dependent muscle force along the pendulum. We
then analytically solve the pendulum'’s motion equation and find the corresponding analytical expression for
the average walking speed.

Results. The values of the average walking speed for different heights predicted by our model are in excellent
agreement with the ones obtained in treadmill experiments. Moreover, it successfully predicts the observed
walking-running transition speed, which occurs when the stride length equals the height of an individual.
Finally, our extended model satisfactorily reproduces the experimentally observed ground reaction forces
in the midstance and terminal stance phases. Consequently, the predicted value of the (height-dependent)
maximum walking speed is in reasonable agreement with the one obtained in more sophisticated models of
human walking.

Conclusions. Augmented with our minimal extensions, Alexander's model becomes an effective and realistic
model of human walking applicable in clinical investigations of the human gate.

1. Introduction
determine the theoretical optimum performance
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The physics and mathematics of animal locomo-
tion are fundamental in several disciplines. For
example, biomechanical models can allow pale-
obiologists to deduce the main characteristics of
the locomotion of extinct animals from their fos-
silized remains (see [1]). In athletics, mathemati-
cal models of human locomotion can attempt to
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in certain events such as race walking (see [2]).
However, medical engineers and clinical bio-
mechanists are instead concerned with animal
locomotion because of its relevance to deter-
mining limb and joint forces, which play a crucial
role in rehabilitation from either injury or disease
(see [3]).



Human walking is one of the simplest gaits
of terrestrial locomotion among legged animals.
Nevertheless, a clear and definitive understand-
ing of the energetics, stability, and kinematics
still needs to be included (for a review of analyti-
cal modelling and experimental studies of human
walking, see [4]).

Theoretical and experimental works on human
walking have focussed on energetics and stabil-
ity or kinematics. In the former case, mechani-
cal energy principles are applied to relate the
mass-specific metabolic energetic cost and
mechanical cost of transport to the dynamical
properties of gait (see [5-7]). In the latter case,
which is more relevant to clinical biomechan-
ics, Newtonian dynamical equations applied to
simple inertial models of jointed rigid bodies are
used to determine the motion of the components
during walking (see [8]).

The simplest model of human walking is the
two-dimensional "Alexander's inverted pendulum
(IP) model" [9], which consists of a simple invert-
ed pendulum where the whole body mass con-
centrates in a single particle. It was introduced in
the late 70s, although probably, the first indirect
references to an inverted pendulum as a model of
human walking date back to 1953 [10]. In recent
years, a great variety of two-dimensional kinetic
models based on the IP model have been devel-
oped to mimic better and understand the pat-
tern of human walking.. These models include
springs [11-16], dampers [17], and additional seg-
ments and joints, or either additional segments
or joints [18, 19] (for other works based on the IP
model, see [20—-24]).

The apparent limitation of two-dimensional
models of human walking is that they are unable
to describe the lateral dynamics of the gait. Such
dynamics can only be studied by more sophisti-
cated three-dimensional models, like those con-
structed in [25—-29]. In particular, the vertical, hor-
izontal, and lateral ground reaction forces (GRF)
predicted by the recent three-dimensional biped-
al model by Liang et al. [30] agree with experi-
mental data.

Since the introduction of the IP model by Alex-
ander, the level of complexity of walking mod-
els has increased, as the number of parameters
needed to reproduce quantitatively and in a satis-
factory way the characteristics of the human gate.
Moreover, Alexander's model cannot describe the

lateral motion and the transition from one step
to another. On the other hand, its simplicity has
attracted many authors' attention over the years
(see [2, 18, 31, 32]) as the kinematics and dynam-
ics of walking during the double support phase
(where the transition from one step to another
occurs) are not as crucial for clinical biomechan-
ics as the kinematics and dynamics of walking
in the single support phase. Also, the impor-
tance of lateral motion in clinical application is
subdominant, at least at first approximation, for
the vertical and horizontal ones. While Ander-
son and Pandy [31] briefly described the GRF in
the IP model, Buczek et al. [32] performed a more
detailed analysis and compared the prediction of
the model about GRF and velocity of the center of
mass with gait data for regular walking. This work
was extended by McGrath et al. [18] by including
fast and slow walking speeds, which are essen-
tial for clinical considerations (the inclusion of
an actuated hip joint to the IP model, although
engaging in that it reproduced the experimentally
measured hip moment curve, did not resulted in
significant changes in the kinematics of the cen-
tre of mass and ground reaction forces). These
studies conclude that that, while the horizontal
and vertical velocities of the centre of mass and
the horizontal GRF in the midstance and terminal
stance phases agree reasonably well with experi-
mental data, the vertical component of the GRF
does not, especially for fast walking.

One of the goals of this paper is to extend
these works by including a step-angle-depen-
dent muscle force along the IP in such a way as
to reproduce the experimentally observed verti-
cal GRFs in the single support phase. Also, we
will show that Alexander's model successfully
predicts the observed walking-running transition
speed.

2. Methods and Results

2.1. The inverted pendulum model: Generalities

The human body, while walking, can be repre-
sented as an inverted pendulum with variable
moment of inertia concerning the instantaneous
axis of rotation subject to different (natural) forc-
es and torques. Alternatively, one can assume
a constant moment of inertia and regard the tele-
scopic actions of the body (principally due to the
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swinging limbs) as generating inertial forces and
torques.

In this latter case, the scalar projection along
the instantaneous axis of rotation of the equation

of motion L = IEth), L is the angular momen-
tum, reads
A __(ext)
Ie(t) = Thet - (M

Here, I is the constant moment of inertia con-
cerning the instantaneous axis of rotation y (see
Figure 1),

(ext)
Thet

=Ty + Tint 2
is the net external torque, 7, is the gravitation-
al torque, and 7, is the body-ground interac-
tion torque generated by the muscle forces
and includes all telescopic actions. Also, a dot
denotes differentiation regarding time, and 0 is
the angle formed by the pendulum and the verti-
cal (the z-axis in Figure 1). Notice that 6 is mea-
sured starting from the vertical and is negative
(positive) on the left (right) of the z-axis.

In order to solve the above equation of motion,
one has to know the exact expression of the

(time-dependent) torques generated by the body
muscles during the entire gait cycle.

It is important to observe, however, that the
kinematics (horizontal and vertical velocities
of the centre of mass) and dynamics (ground
reaction forces) of walking are experimental-
ly symmetrical concerning the vertical, at least
in the first approximation [4] and especially for
slow and regular walking allowing us to focus
our analysis on the phase of the gait cycle that
goes from the double-support phase to the ver-
tical. Moreover, roughly speaking, the effect of
the first part of the propulsion force is impulsive,
with the propulsion force provided by the gluteus
maximus of the supporting leg and by the swing-
ing of the opposite leg. In contrast, the second
part of the propulsion spreads out more tempo-
rally and is provided essentially by the gastroc-
nemius [33]. However, the centre of mass of the
gastrocnemius, and then the point of applica-
tion of the force generated by it, is situated below
the knee so that its contribution to the interac-
tion torque is reduced concerning that given by
the gluteus maximus, whose point of application
is near to the centre of mass of the body. In the
first approximation, the interaction torque gen-
erated by the gastrocnemius can be neglected.
Accordingly, the gluteus maximus and the swing-

Z
v | & K i. ,
N ',. .u'- - .'_~ \[ x
Right Left Left Right Right Left
heel toe- heel toe- heel toe-
contact oft ‘ ‘ contact off ‘ ‘ contact off
| | | | I |
0% 50% 100%
| : Time, percent of gait cycle I |
| I | | | |
I
{ Double | . . Double . Double |
support )«— Right single support support [<— Left single support > support

Figure 1. Schematic view of human walking during a gait cycle (adapted from [4]). In the stiff-leg approximation, the trajectory of
the centre of mass of the walker (point CM) is an arc of a circle whose centre is the point of contact body-ground (point C). The angle
between the (stiff) leg and the vertical axis is the "step angle" 6. In the inverted pendulum model of human walking, 6 coincides with

the angle formed by the z-axis and the line connecting CM and the fixed point C. In the model discussed below, the muscle force F

muscle

is directed along the leg. Notice that in the text and following [18], we will assume the duration of the double support phase to be 10%
of the gait cycle and that the supporting leg reaches the vertical position at 30% of the gait cycle.
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ing of the opposite leg, principally during the sec-
ond part of the double support phase, provide the
only propulsion force.

As already noticed, Alexander's model cannot
describe the transition from one step to anoth-
er during the double support phase. Thus, its
application must be limited to the single support
phase. In this phase, which is the most impor-
tant one in clinical studies, the interaction torque
is negligible, and the gravitational force ulti-
mately determines the dynamics of the inverted
pendulum.

Referring to Figure 1, the gravitational torque
is given by

Tg = —MgTcm Sin 6 A3)

where m is the mass of the body, g = 9.8m/s? is
the acceleration of gravity, r., is the distance
between the fixed point and the centre of mass of
the body, and j is the unit vector along the y-axis
(the body is moving in the positive x-direction).

The solution of Eq. (1) in the single support
phase will be discussed in Sec. 2.4. In the rest of
this section, we introduce some physical quan-
tities significant for the following discussions
about the kinematics and dynamics of Alexan-
der's model.

The moment of inertia I can be written as

I=9§ mrfm 4)

where § is a dimensionless parameter. The value
6 = 1, which will be used throughout this paper,
corresponds to the simple case where all the
body mass concentrates in the centre of mass
(simple inverted pendulum). Moreover, we write

Fom = @h (5)

where o is a dimensionless parameter and 4 is
the body height. Henceforth, we will use the value
o = 0.56, corresponding to an erect person with
arms at the side [34]. The period of the IP oscilla-
tion (equal to the stride time) can be written as

h
t, = Zn\/%, (6)

where & is a dimensionless parameter that gener-
ally depends on the initial step angle 6,.

2.2. Average speed of walking

Two fundamental parameters in human gait are
the stride frequency f, = 1/t, and stride length L..
Although it has been shown that they have dis-
tinct effects on gait variability, a strong positive
linear correlation has been found between them
in free walking [35],

Ly =afs + b, (7)

where a =~ 1.7 and b =~ —0.30. The analysis in [35]
was performed on individuals of an average
height of & = 1.65m. Inserting Eq. (7) into Eq. (6)
and solving for &, we find

§ == () (4ohsinlbo| — D)%, @

where we used Egs. (5) and (6). As a working
hypothesis, let us assume ¢ to be independent
of the height of a person (this ansatz is justified
a posteriori in that the speed of walking predicted
by the IP model agrees well, as we will show, with
the experimental data from individuals of very
different heights). In this case, a and b scale as
a oc h”*and b o h, respectively. Writing a = a,h””
and b = b,h, we then have

1 21 .
§ =—(>)*(4osin|0g| — by)?, ©)
g ao
where a, = 0.80 and b, = —0.18, or
£(s) = 0.207 + 2.28s + 6.2652, (10)
where we have defined
Es .
S =E=4asm|90|. Qh))

Let us now calculate the average walking
speed, defined as the horizontal component of
the velocity of the centre of mass, averaged over
the stride time. In our case, this corresponds to
v, =L/t, sothat

T = 3o VE()gh (12)

Notice that the results in [35] are valid for
walking speeds between 0.75m/s and 1.80m/s for
a height of 1.65m, which means that the expres-
sion for &(s) can be trusted when the initial step
angle is in the interval 0.27 < |6,] < 0.45 (this
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Table 1. Physical characteristics (h, hy, and L./h), walking speed (V,), and Froude number (Fr) of the four
stature-age groups analyzed in [5]. An asterisk indicates the prediction of the inverted pendulum model.

Group h(m) hieq (M) Ls/h V.(m/s) Vv x(m/s) Fr Frx
A 114+0.02 058+0.02 076+0.03 096+0.04 095+0.07 0.1620.01 0.16+0.02
B 142+002 0.77+0.02 0762002 103+0.03 1.06+0.06 0.14+0.01 0.15+0.01
© 1.62+0.01 086+001 0.78+0.02 113+0.04 119+0.06 0.15+0.01 0.17+0.02
D 177001 094+0.01 076+0.02 1211004 1192007 0.16+£0.01 0.15%0.01

implies that Eq. (12) is valid for velocities between
0.78m/s and 1.88m/s for a height of 1.80m).

The step length is about 38% of a person's
height during regular walking [5] (s = 0.76), corre-
sponding to a step angle of about |§,| = 0.35 (20°).
For an "average individual” of height 4 = 1.80m,
then, the average speed for regular walking is pre-
dicted to be around 1.2m/s (4.3km/h), in agree-
ment with the experimental result of [5]. Equation
(12) also returns walking speeds in good agree-
ment with the ones experimentally measured in
[5] and shown in Table 1. Here, h is the height,
hy, is the leg length, L /h is the ratio of the stride
length to the height, v, is the walking speed at
the minimum measured metabolic cost of trans-
port, and Fr is the Froude number for four differ-
ent stature-age groups (named A, B, C, and D in
[5]). In the sixth and eighth columns, we report
the values of the average walking speed, v_* and
Froude number, Fr*, as predicted by the inverted
pendulum model.

Iterestingly, the average walking speed is well
approximated by the expression

6ol

— h
Uy = 121(2—00)172(m)1/2m/s

(13)

Notice that the maximum percentage deviation
of the above-approximated expression from the
exact one is less than 0.62% for 0.20 < |6,| < 0.61,
namely well below the typical statistical error of
about 4% in [5]. From Eq. (13), it follows that the
average walking speed (given that a person's
height is a fixed parameter) is controlled, in reg-
ular walking, only by the value of the initial step
angle.

2.3. Walking-running transition

A spontaneous transition from walking to run-
ning is expected in humans at sufficiently high
speeds (see [36—39]). Although in the past, such
a transition was believed to occur in order to min-
imize the energetic cost of locomotion, it is now
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widely accepted that the ultimate reason for it
has a physiological/kinematic origin: fatigue and
discomfort in the tibialis anterior and other dor-
siflexor muscles of the ankle are the triggers for
the transition [40].

The walking-running transition can be kine-
matically described by the so-called Froude
number Fr = vz/gL, where v and L are the typical
speed and height of the hip joint from the ground
of a moving animal, respectively [36]. In our case,
we can define the Froude number as
T2

Fr = ,
ghleg

(14)

where hy, is the leg length. From Eq. (12), and
writing

h
R = —, (15)
eg P)
we find
Fr = 4%szf(s). (16)

For regular walking (s = 0.76) and taking p = 1.9
[5], we find Fr = 0.15, a value independent of an
individual's height. This result agrees with the
value experimentally determined in [5] for four dif-
ferent stature-age groups, as shown in Table 1.

It is believed that the preferred transition
speed from walking to running takes place at
a Froude number of about 0.5 [36]. In our model
with p = 1.9, this value of Fr corresponds to s = 1.0
(and in turn to |6,| = 0.46 or |0, = 26.5°), i.e. the
walking-running transition takes place, approxi-
matively, when the stride length equals the height
of the individual. For s = 1, the average walking
speed at the walking-running transition is about
v, = 1.9m/s (6.9km/h) for a height of & = 1.70m,
which is in excellent agreement with the results
of Hreljac et al. [41] who found v, = 1.88 £ 0.11m/s
for 11 individuals with h = 1.70 + 0.08m.



2.4. Kinematics: Horizontal and vertical
velocities

Equation (1) describes the body's motion dur-
ing the entire gait cycle. However, as discussed
in Sec. 2.1, the interaction torque should be
addressed during the single support phase. In
this phase, then, the equation of motion reads

6" = sin®, a7

where we used Egs. (2) and (3). Here, a prime
denotes differentiation regarding t/t, and

I odh
to =4/ =4/ (18)
mremdg g

The solution of Eq. (17) with Dirichlet bound-
ary conditions 6(0) = 6, and 0(t./t,) = 0 is easily
found,

6(t) = —2am(uluw), (19)

where am(u V ) is the Jacobi amplitude for the
Jacobi elliptic functions . Here,

4t w2
u—)((l—t_s);ll——w. (20)
and x is implicitly defined by
6o
x=F(=71w, (21)

where F(¢|u) is the elliptic integral of the first kind
[42]. A graph of x as a function of |6,| for § = 1
and 0 = 0.56 is given in Figure 2.

The angular speed w (f) = 0(f) is

w(t) = wpdn(ulp), (22)

where dn(u|y) is the Jacobi elliptic function of dn
type and w; = w(t/4) is the angular speed at the
vertical,
8x

Wr = —. 23

s (23)

The horizontal and vertical components of the
velocity of the centre of mass, v, and v,, are

Ve (t) = wcosh, v,(t) = —wsinf.  (24)

They are shown in Figure 3 as a function of
time (expressed as a percentage of the gait cycle)
for three different walking speeds. Following [18],
we present data and our results for half of the
gait cycle, from the middle of one double support
phase (at 5% of the gait cycle) to the middle of the
next (at 55% of the gait cycle). The dashed lines
are the one-standard-deviation experimental
data from Winter [43, 44], which refer to a person
of height & = 1.80m. In contrast, the continuous
ones are the predictions of the inverted pendu-
lum model. Finally, Table 2 describes the best-fit
values for the fitted parameter 6, and the cor-
responding average speeds of walking. The left
vertical continuous line indicates the end of one
double support phase at 10% of the gait cycle,
while the right one is the beginning of the next
double support phase at 50%.

As it is clear from the figure, the horizontal
velocities predicted by the IP model fit very well
the experimental data, from slow to fast walking
and on the entire gait cycle. The vertical ones,
however, agree only in the midstance and termi-
nal stance phases, whose boundaries are indi-
cated by the two dotted vertical lines. Roughly
speaking, the start of the midstance is at 15% of

0.30
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0.20

0.15

0.10

0.05

0.2 0.3

04 05 06
160l

Figure 2. The function x(8,), implicitly defined by Eq. (21), for § = 1 and ¢ = 0.56.
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Figure 3. The horizontal (v,) and vertical (v,) components of the velocity of the centre of mass in the inverted pendulum model of
human walking as a function of time (expressed as a percentage of the gait cycle) for three different walking speeds from the middle
of one double support phase (at 5% of the gait cycle) to the middle of the next (at 55% of the gait cycle). The dashed lines are the
one-standard-deviation experimental data from Winter [43, 44], while the continuous ones are the (best-fit) predictions of the in-
verted pendulum model. The left vertical continuous line indicates the end of one double support phase at 10% of the gait cycle, while
the right one is the beginning of the next double support phase at 50%. The midstance phase extends from 15% of the gait cycle (left
dotted vertical line) to the vertical (30% of the gait cycle). The terminal stance phase starts at the vertical and ends at 45% of the gait

cycle (right dotted vertical line).

Table 2. Best-fit values of the initial step angle 6, for the three gaits depicted in Figure 3 and the
corresponding average walking speeds. Also indicated are the best-fit values of the coefficients a, of

the quartic polynomial in Eq. (28).

Gait 16,] v, (m/s) a, a, a, a, a,
Slow 0.312 1.00 -0.0559 0.286 9.63 -6.73 =122
Normal 0.363 1.30 -0.126 0.00350 13.9 -0.303 -102
Fast 0.421 1.68 -0.193 0.0102 17.6 -2.82 -86.8
the gait cycle (left dotted vertical line), and the F, = F;tan, (26)

end of the terminal stance is at 45% (right dotted
vertical line) [4].

2.5. Dynamics: Ground reaction forces
In Alexander's IP model of human walking, the
vertical (F) and horizontal (F,) ground reaction
forces are

F,

—£ = (cosf — t;w?)cosh (25)

mg_

and
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respectively. As a function of time and normal-
ized to the body weight, these forces are shown
in Figure 4 by dot-dashed (grey) lines (the other
notations are as in Figure 3).

As it is clear from the figure, while the pre-
dicted horizontal GRFs agree with the observed
ones (especially in the single support phase), the
vertical ones are not. The simple IP model can-
not reproduce the characteristic "M" shape of the
vertical GRF. Moreover, in the midstance and ter-



minal stance phases, the concavity of F, is oppo- while the horizontal one is the same as in Eq. (26),

site to the one experimentally observed. Finally, with F, replaced by the new expression (27).
Alexander's model predicts a maximum reac- Since the angle 0 is generally small, we can
tion at the vertical instead of the experimentally expand F,, .. in terms of the step angle as
observed minimum. N

The fact that the IP model does not account Fliuscle n

. odel do e _ 70,0 28)

for the vertical force—time history can be mg —
explained by the omission, in the model, of the
muscle forces (natural and inertial) generated by where the coefficients a, are, in general, functions
the body during the entire gait cycle, as explained of the initial step angle 6, (we will neglect a pos-
in Sec. 2.1. On the other hand, the profile of the sible dependence of a, on §, g, m, and h).
horizontal and vertical velocities of the centre of The continuous lines in Figure 4 are the ver-
mass is well predicted by the model in the mid- tical and horizontal ground reaction forces when
stance and terminal stance phases, suggesting the muscle force is included. They were obtained
that in the single support phase, although active, by fitting the experimental data on the vertical
they do indeed produce a little torque. reaction force by using Eq. (27). We found a good

For this reason, and as a working hypothesis, agreement with the data by truncating the expan-
let us introduce a time-dependent muscle force, sion (28) to the fourth order (the inclusion of
F e directed along the pendulum (positive if higher order terms did not improve the fit appre-
pointing towards the fixed point, negative other- ciably). Table 2 depicts the values of the fitted
wise). The vertical reaction force becomes parameters a,, a,, a,, a; and a,.

P 7 As it is clear from the figure, the introduction

m—; = (cos@ —t2w? + %;““")cose, 27) of a muscle force along the IP reproduces well

1.4
1.2¢

mg
B
Q
‘\

-
~

S~
S
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0.6 :"
0.4-

0.2t

10 20 30 40 0 30 40
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10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
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Figure 4. The horizontal (F,) and vertical (F,) ground reaction forces (normalized to the body weight mg) as a function of time
(expressed as a percentage of the gait cycle) for three different walking speeds (the same of Figure 3). The dashed lines are the 1
standard-deviation experimental data from Winter [43, 44], while the dot-dashed (gray) lines are the prediction of the Alexander's IP

model (with no muscle forces). The continuous lines are the (best-fit) predictions of the IP model with the inclusion of the muscle force
(28). Vertical lines are as in Figure 3.
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Figure 5. The muscle force in Eq. (28) (normalized to the body
weight mg and for N = 4) as a function of time (expressed
as a percentage of the gait cycle) for three different walking
speeds: slow (dotted line), regular (dashed line), and fast (con-
tinuous line). The values of the expansion coefficients a, and
the corresponding average walking speeds for the three gaits
are given in Table 2. Vertical lines are as in Figure 3.

the vertical GRFs from slow to fast walking and in
the entire gait cycle. The horizontal GRFs are sat-
isfactorily reproduced only in the midstance and
terminal stance phases.

Figure 5 shows the muscle force (28) that the
body must generate to produce the ground reac-
tion forces in Figure 4 as a function of time. As
discussed in Sec. 2.1, this force includes tele-
scopic actions that could be, in principle, deter-
mined in more realistic and sophisticated mod-
els of human walking. However, it is plausible
to assume that inertial forces are subdominant
around the vertical compared to the ones gener-
ated by the gastrocnemius and the soleus [33].
These strong propulsive forces lift the heel and
then are principally directed upward along the
supporting leg, thus explaining the negative val-
ley in the force-time diagram of Figure 5. The
magnitude of these forces is crucial for the deter-
mination of the maximum speed of walking, as
discussed in the next section.

2.6. Maximum speed of walking

In our simplified walking model, two conditions
must be met to walk (for a general discussion of
physical constraints during walking, see [45]).
They are the condition of “no sliding" and the con-
dition of "no-fly", the latter being violated when
dynamical effects cause a "lifting" of the sup-
porting foot (the point of contact body-ground).
Assuming that the coefficient of static friction
between the ground and the fixed point is suffi-
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Figure 6. The parameter a, in Eq. (28) and Table 2 as a func-
tion of |6,|. The continuous line is the best-fitting line.

ciently large to prevent sliding, the no-fly condi-
tion, F, > 0, gives the value of the maximum initial
step angle as the solution of the equation

tows = 1+ a,. (29)

The above equation can be solved if the
explicit expression of a, as a function of the initial
step angle is known (notice that a, is equal to the
value of the muscle force per unit body weight at
the vertical). An approximate expression for a,
can be obtained by interpolating the three values
of a, in Table 2 for slow, regular, and fast walking.
These values are shown in Figure 6 together with
the line of best-fit,

a, = 0.333 — 1.25|6,|. (30)

Inserting the above equation in Eq. (29) and
solving for 6,, we find the maximum initial step
angle |0,|™ = 0.61 (35°). This value is both out-
side the interpolation range (see Table. 2) and out-
side the range of 6, where the expression of &(s)
can be safely trusted (see discussion in Sec. 2.2).
Interestingly enough, however, the correspond-
ing value of the maximum speed of walking for
a height of h = 1.75m, v, =~ 3.1m/s (11km/h),
agrees with the result of Marshall who found,
by using a more sophisticate model of human
walking, a maximal velocity between 2.7m/s and
3.3m/s (depending on the magnitude of the pel-
vic rotation).



3. Discussion

Alexander's model is the simplest model of

human walking. If, on the one hand, its math-

ematical simplicity has attracted the attention
of biomechanists, on the other hand, it results in
two ineradicable limitations:

() It cannot describe the transition from one step
to another, and, as for any two-dimensional
model of human walking,

(i) it cannot describe the lateral dynamics of the
gait.

Moreover, it does not account for the temporal
shape of the vertical reaction force and the maxi-
mum walking speed.

However, the mechanics of walking during the
double support phase (where the transition from
one step to another takes place) and the lateral
motion are less important for clinical applica-
tions than the properties of the horizontal and
vertical motions in the single support phase. For
this reason, we added two new features to Alex-
ander's model to make its predictions compatible
with the observed vertical reaction force and the
maximum walking speed.

First, we incorporated into the model a phe-
nomenological relation between the stride fre-
quency and stride length as determined in
treadmill experiments. Second, we introduced
a step-angle dependent force along the pendu-
lum to simulate the effects generated during the
single support phase by telescopic actions and
propulsive muscle forces.

These minimal modifications make Alexan-
der's model more physiologically representative
and provide insight into the role of muscle forces
during walking. In particular, we found that
(i) the experimental vertical reaction forces are

fully reproduced by the extended model, as it

is clear from the upper panels of Figure 4;

(i) the muscle force at the vertical, primarily gen-
erated by the gastrocnemius and the soleus,
critically contributes to the determination of
the maximum speed of walking [see Eq. (29)];

(iithe average speed of walking (see Table 1)
and the walking-running transition speed (see
the end of Sec. 2.3) agree with the ones found
experimentally.

Finally, our extended Alexander's model is
entirely solvable; indeed, we have provided an
exact analytical solution to its equation of motion,

which differs from the other extensions men-
tioned in the Introduction based on multiple pen-
dulums, including springs and dampers. Unfortu-
nately, in this case, the mechanics must be sim-
plified to be analyzed analytically, and numerical
methods must be used, resulting in a consequent
loss of simplicity.

4. Conclusions

We have considered the two-dimensional invert-
ed pendulum model of human walking, where
the human body while walking, is approximat-
ed by a simple inverted pendulum. During a gait
cycle and in the second part of the double sup-
port phase, propulsion torques are generated,
which start the rotation of the inverted pendu-
lum. Braking forces terminate such a rotation in
the first part of the next double support phase.

Although the pendulum model cannot describe

such phases, it can reproduce the main charac-

teristics of human gait in the single limb support
phase, particularly in the midstance and terminal
stance phases. To simplify our analysis, we have
assumed that no propulsion/braking torques are
active during the single limb support phase.

The main results of our paper are as follows.

(i) Using a phenomenological relation between
stride frequency and stride length based on
the literature, we have found an analytical
expression for the average walking speed.
The average speed is a function of only an
individual's initial step angle and height. The
predicted values of the average speed for dif-
ferent heights are in excellent agreement with
the ones obtained in treadmill experiments.

Moreover, our expression for the aver-
age walking speed successfully predicts the
observed walking-running transition speed,
which, according to our results, occurs when
the stride length equals the height of an indi-
vidual.

(i) We have found an exact analytical solution to
the equation of motion of the two-dimension-
al inverted simple pendulum. Together with
the phenomenological stride frequency-stride
length relation, such a solution fits the experi-
mentally observed horizontal and vertical
velocities of the body's centre of mass as
a function of time in the midstance and ter-
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minal stance phases for different gaits, from
slow to fast walking.

(iiThe classical Alexander's model of human

walking, which consists of a free inverted
pendulum, does not reproduce the experi-
mentally observed vertical ground reaction
forces. On the other hand, we have shown that
the introduction of quartic step-angle depen-
dent muscle force along the pendulum allows
the “forced” IP model to fit, rather well, the
observed ground reaction forces in the mid-
stance and terminal stance phases in slow,
regular, and fast walking.

(iv)Finally, we have shown that the forced inverted

pendulum model, when the muscle force val-
ues are extrapolated above the walking-run-
ning transition, gives a value of the height-de-
pendent maximum walking speed, which is
compatible with the one obtained in more
sophisticated three-dimensional models of
human walking.
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ABSTRACT

Background. Primary intracerebral haemorrhage is a neurological condition associated with high morbidity
and mortality. Outcome prediction is necessary to allocate the available resources in such cases judicially.
Our study aims to identify the radiological predictors of in-hospital mortality based on a plain CT study of
the brain at admission and to develop a prognostic scoring system based on them.

Material and methods. We collected the clinical and radiological data from 182 consecutive patients who
presented with primary spontaneous ICH. Bivariate analysis of radiological predictors of in-hospital mortali-
ty was undertaken using unadjusted logistic regression. Those variables found to have significance were put
into a multivariate logistic regression model. The Results of multivariate logistic regression were treated as
a foundation for developing the scoring system.

Results. The mortality rate in our series was 23.6% (N = 43). After multivariate analysis, Midline shift (MLS),
presence or absence of intraventricular haemorrhage (IVH), Volume of ICH and Location of haematoma were
significant predictors of mortality. Based on the identified radiological variables, a five-score prognostic scoring
system (AUROC = 0.925, 95% CI 0.887—0.964)) was developed, with higher scores indicating higher mortality.
Conclusions. The established scoring system, MIVL, may help physicians to do better patient counselling
regarding outcomes.

Introduction
ing 40% [1-6]. Both medical and surgical treat-
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Primary spontaneous intracerebral haemorrhage
(PSICH) accounts for about 4-14% of all forms of
stroke and carries a high mortality rate approach-
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ments are available, but which modality would
benefit an individual patient is yet to be clear
[7, 8]. Clinical decisions regarding management



strategies are not often straightforward, given the
ethical, moral and medical aspects involved in it.
It is critical to strike the right balance between
excessive but futile healthcare inputs on one side
and dangerous self-fulfilling prophecies on the
other. Such decisions assume paramount impor-
tance, especially when the resources are limited,
to allocate them to the right patient with a high
overall chance of survival. Literature is rife with
several complex prognostic models, including
clinical, biochemical, and radiological parameters
but a scoring system based on radiological vari-
ables alone is lacking [9]. Therefore, in this study,
we aim to define the radiological predictors of
in-hospital mortality in PSICH based on informa-
tion gathered from a plain CT scan of the brain
obtained at admission and to develop a scoring
system that can be adapted in such settings to
enable easy exchange of objective prognostic
information between healthcare professionals
across various disciplines.

Materials and methods

After obtaining approval from the institutional
ethics committee, we retrospectively analysed
the data collected as a part of a single-centre
prospective cohort study of primary ICH under-
taken at our tertiary care teaching hospital.
Patients who presented with PSICH to our hospi-
tal between May 2017 and May 2018 were recruit-
ed for the study. The patients or their responsible
bystanders consented to the study. Basic demo-
graphic information and a detailed clinical history
to reveal the chronology of events were collected.
The Glasgow Coma Scale (GCS) score on admis-
sion and history of hypertension, diabetes melli-
tus, alcoholism and smoking were also recorded.
For the study, the primary intracerebral haema-
toma was defined as spontaneous blood leakage
into the supratentorial brain parenchyma, docu-
mented by a plain CT study of the brain. In-hos-
pital mortality was defined as mortality occurring
within the first 30 days of admission. Patients
with infratentorial bleeds, age above 80 years,
with multiple haemorrhages, presenting after 24
hrs of ictus and with secondary ICH due to any
cause were excluded from the study.

A plain CT scan of the brain performed on
admission was analysed, and the parameters

such as volume of haematoma, midline shift
(MLS), intraventricular haemorrhage (IVH), pres-
ence or absence of hydrocephalus, side of hae-
matoma and location of haematoma (deep/
superficial) were noted. The volume of haema-
toma was measured by the method described
by Kothari et al. [10] using the formula ABC/2,
where A is the measure in the measurement of
the most substantial haemorrhage dimension,
B the diameter at 90 degrees to A, and C is the
number of slices with haemorrhage multiplied by
its thickness. For defining the location, the axial
CT cut passing through the foramen of Monro
was taken. First, a vertical line is drawn through
the midline, and another line 2cm lateral to this
line on either side is adjusted to scales. Next,
two horizontal lines are drawn along this cut's
most prominent anterior and posterior portion
of the lateral ventricles. If the haematoma occu-
pies the rectangle bounded by these four lines,
it is classified as deep or zone 1. The primary
outcome was in-hospital mortality, which was
defined as death in the hospital during the cur-
rent admission or within 30 days after. In-hos-
pital mortality was considered a poor outcome,
and the absence of this was defined as recovery
the study.

All data were analysed using SPSS software
version 16.0 (SPSS Inc., Chicago, lllinois, USA).
Continuous variables were stated as means with
standard deviations, and categorical variables
as percentages. The association between indi-
vidual radiological parameters and outcome were
first estimated using bivariate logistic regression
analysis. Then, those radiological parameters
showing statistical significance were analysed
using a multivariate logistic regression model.
Two continuous variables, hematoma volume
and MLS were dichotomized using maximum
sensitivity and specificity values obtained from
the receiver operating curve (ROC). The regres-
sion coefficients of each factor in the multivariate
logistic model were transformed into a risk score
by dividing them by the smallest regression coef-
ficient among the variables and then rounding
the quotients to the nearest integer for develop-
ing the risk scoring system. Model performance
consisting of the area under the receiver operat-
ing curve (AUROC) and Hosmer-Lemeshow good-
ness-of-fit test were further assessed. A p-value
less than 0.05 was considered significant.
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Results

The initial cohort included a total of 201 cases.
After applying all the inclusion and exclusion cri-
teria, 182 subjects were recruited for the study.
Males constituted 56.6% (N = 103) of our sub-
jects. The whole cohort had a mortality rate of
23.6% (N = 43). The mean age was 62.90 years
(median 64.5 years, range 31 to 79 years). Most,
53.84% (N = 98), presented with headache and
altered sensorium. Headache alone was the pre-
senting symptom in 20.3% (N = 37) patients, while
25.8% (N = 47) were unconscious at presentation.
Prominent risk factors identified were hyperten-
sion 112 (61.5%), smoking 108 (59.3%), diabetes
mellitus 61 (33.5%), and alcohol intake 58 (31.9%)
in that order. Mortality was high within the first 48
hours of ictus (N = 20, 46.5%), and their present-
ing GCS were also significantly low (7 vs 13, P <
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Figure 1. ROC (Receiver operating curve) shows the accuracy
of Midline shift for a favourable outcome

0.001). The mean hospital stay was 11 days. Most
were managed along aggressive medical lines
(88.4%, N = 161), while a surgical procedure was
performed in 11.5% of patients (N = 21). Cranioto-
my and evacuation were done in 8.8% (N = 16) of
patients, and external ventricular drainage alone
in 2.7% (N = 5). A significant difference in out-
come was not observed between the medical and
surgical groups (P = 0.119).

The haematoma volume ranged from 4 ml to
230 ml (mean 45.5 ml). Patients with poor out-
comes had a mean haematoma volume of 93.9 ml
compared to 27.6 ml in those with recovery. The
midline shift for the whole series ranged from 0
to 12 mm, with a mean of 2.8 mm. Figures 1 and
2 show a ROC that was made to test the predic-
tive accuracy of these variables (haematoma vol-
ume and MLS). IVH was present in 31.9% (N = 58)
and hydrocephalus in 36% (N = 66) of subjects.

1 - Specificity
Diagonal segments are produced by ties.

Figure 2. ROC (Receiver operating curve) shows the accuracy
of volume of haematoma for a favourable outcome.

Table 1. Results of bivariate Logistic regression analysis.

SINo Radiological variable P-value OR 95% confidence interval
(lower-upper)

1 Midline shift 0.00 25938 10.288-65.412

2 Volume 0.00 7.395 3.275-16.697

3 Intraventricular haemorrhage ~ 0.00 6.988 2.541-19.214

4 Hydrocephalus 0.062 0.510 0.252-1.033

5 Zone 0.00 12.061 5.125-28.366

6 Site 0.826  0.926 0.466-1.839
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Haematoma volume, MLS, IVH and location of
haematoma attained statistical significance for
in-hospital mortality on bivariate analysis (see
Table 1). Haematoma volume and MLS were
closely correlated with GCS. (Pearson correla-
tion -0.663 and -0.612, respectively, P <.001). GCS
was significantly low in patients with IVH and
hydrocephalus (P < 001). On multivariate analysis
MLS, the presence or absence of IVH, the volume
of ICH and the location of haematoma were sig-
nificant predictors of mortality (see Table 2).

The final risk prediction model contained
four variables statistically significantly associ-
ated with in-hospital mortality in the multivariate

Table 2. OR for in-hospital mortality.

Predictor variable OR (95% CI) P-value

Intraventricular haemorrhage
Present 6.7(2.16-20.71)  0.001
Absent -

Volume
>30ml 47(1.4-151)  0.009
<30ml -

Midline shift
>6mm 14.5 (4.8-43.7) 0.001
<6mm -

Zone
| 4.7(1.5-14.8) 0.007
Il -

logistic regression analysis. The regression coef-
ficients of all variables in the risk prediction mod-
el were transformed into risk scores, as demon-
strated in Table 3.The risk scoring system, named
MIVL, contained the following variables: 1) Mid-
line shift (<6 mm vs >6 mm), 2) Intraventricular
haemorrhage (present or absent), 3) Volume (<30
ml vs >30 ml), 4) Location of hematoma (deep vs
superficial) as defined above. The sum of scores
ranged from a minimum of 0 to a maximum of 5.
No patient with a score of 0 died, while 18 (94.7%)
patients with a score of 5 expired 30 days after
admission (see Figure 3). The Hosmer-Lemeshow
test yielded a P value of 0.438, indicating ade-

Table 3. Determinants of the score.

Variable Regression Risk
coefficient score
Intraventricular haemorrhage
Absent 0 0
Present 1.903 1
Volume of haemorrhage
<30 ml 0
>30ml 1.548 1
Midline shift
<6mm 0 0
>6mm 2.680 2
Zone of hematoma
Zone 2 0
Zone 1 1.566 1

100.00-

80.00

60.00-
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score

Figure 3. The Y-axis shows in-hospital mortality and the X-axis showing the MIVL score.
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Figure 4. ROC curve for components of the score.

quate goodness-of-fit of the model. In the evalu-
ation of the predictive accuracy of the model, the
MIVL score was able to achieve an area under the
curve (AUROC) of 0.925. Figure 4 represents the
ROC curve for components of score.

Discussion

Any prognostic scoring model must be simple and
accurate, though it would be counterintuitive to
assume to be both. In this study, we attempted to
develop a simple scoring system based on radio-
logical parameters only to prognosticate patients
with primary spontaneous supratentorial intrac-
erebral bleed. Clinical grading scales serve the
purpose of providing consistency and standardi-
sation of prognostication in neurological condi-
tions. The intracerebral haemorrhage (ICH) score,
one of the first available scores, is the most wide-
ly used for prognostication purposes to estimate
30-day mortality following spontaneous ICH [11].
The score is based on the location and volume
of ICH, presence of IVH, GCS on admission and
age of the patient. The score ranged from 0 (best
outcome) to 6 (worst outcome). Thirty-day mor-
tality rates for ICH scores 1, 2, 3 and 4 were 13%,
26%, 72% and 97%, respectively. In their cohort,
no patient with a score of 0 died, and all patients
with a score of 5 died. No patient had a score of 6
in their cohort.
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Mc Cracken et al., in a review of 554 patients,
have found that the ICH score did not accurately
predict mortality [12]. Patient survival exceeded
the ICH score predicted mortality regardless of
the intervention. The score ranged from 0 to 11,
and 85% of the patients with a FUNC score of
11 reached functional independence at 90 days
[14]. Clinical and radiological variables are often
combined in many models, which would, howev-
er, lead to a problem of collinearity because the
radiological variables reflect the clinical condi-
tion rather than the cause.

The mass effect produced by the haematoma
and associated oedema caused MLS and was
a significant prognostic variable in our study.
There was a good correlation between hae-
matoma volume and MLS (Pearson's correla-
tion 0.706, P < 0.05). Though it is reasonable to
assume higher mortality to a higher degree of
MLS, the literature does not uniformly endorse
this. In several studies, MLS has not been a sta-
tistically significant predictor of outcome [15].
One reason is that many of these studies have
included infratentorial haemorrhages also, where
MLS may be absent. Infratentorial haemorrhages
per se constitute a distinct cohort from treatment
and prognostic points of view and hence exclud-
ed them from our study. The shift of midline
structures is also closely linked to brain atrophy.
An atrophied brain may tolerate more blood with-
out producing much mass effect. Fogelholm et al.



demonstrated a significant relationship between
MLS and outcome [16]. The shift of midline struc-
tures has been the most robust outcome predic-
tor in our study and has been weighted more with
a score of two points, which would mean that the
prognostic implication of midline shift is more in
spontaneous bleed.

IVH is consistently associated with poor out-
comes across several studies. IVH was asso-
ciated with a worse outcome in our study, with
an OR of 6.7 (P < 0.001). Leira et al. [17] showed
a 2.6 times chance of neurological deterioration
following IVH. Blood is an irritant and can make
the patient seizure-prone when collected in the
ventricles. It can also obstruct the CSF pathways
and produce hydrocephalus. Both these mecha-
nisms augment the morbidity, along with the pri-
mary cause. Diringer et al. found that the shift
of the pineal body and hydrocephalus were sig-
nificant predictors of mortality [18]. Our cohort's
hydrocephalus had no significant predictor on
bivariate analysis (OR 0.51, 95% CI 0.252-1.033),
which may result from IVH causing hydroceph-
alus and including both variables + in a single
model will lead to the problem of collinearity Ex
vacuo hydrocephalus may accompany old age,
so IVH-associated hydrocephalus can be difficult
to distinguish We have excluded hydrocephalus
in our model due to these reasons.

The volume of haematoma is a significant
prognosis predictor in several models. We have
also identified volume as a important predictor
of poor outcomes (P < 0.007). Haematoma vol-
umes have been dichotomized into more than
or less than 30 ml based on a trade-off between
maximum sensitivity and specificity as predicted
from ROC, enhancing its ease of usage. Though
CT scanners could measure the volume of hema-
toma more accurately, we have used the ABC/2
method, considering the end users’ ease of cal-
culation. Moreover, this method has been found
to be accurate with good inter-rater reliability.

Al-Mufti et al. researched various prognostic
variables that could affect the outcome [19]. The
most studied radiological predictors were the
location, expansion, and volume of haematoma,
swirl sign, spot sign, peri-haematoma oedema,
IVH and hydrocephalus. Broderick et al. [20] have
conducted a study of 30-day mortality based on
ICH volume. For volumes more than 60cm®, they
have reported 93% mortality for deep and 71%

mortality for lobar locations. The location of hae-
matoma also attained statistical significance in
our model, with a score of one attributed to deep
locations. In a similar study, Flemming et al. [21]
described 40 ml as a critical volume which would
predict a bad outcome. We used the ROC curve
and identified 39 ml as the optimum cut-off vol-
ume for poor outcome (sensitivity 79.6%, speci-
ficity 83%), while a generally accepted cut-off
is set at 30 ml. A worse outcome has also been
attributed to haematoma expansion, a volume
increase of more than one-third [22].

Brain damage following ICH occurs in three
stages [23]. Primary artery rupture and bleeding
occur in the first stage, haematoma expansion in
the second stage, and brain oedema in the third
stage. Hematoma expansion occurs in the first six
hoursin about 30% of cases, accounting for the high
mortality observed on the first day of ictus. After 24
hours, haematomas seldom enlarge [24]. We also
observed that 46.5% of deaths occurred in the first
48 hours. By that time, the brunt of the brain dam-
age might have occurred. This pathophysiological
profile has clinical repercussions. It may be one
reason early surgical intervention does not offer an
advantage over aggressive medical counterparts
regarding outcomes or functional independence.
Some authors believe that surgical treatments are
making a comeback [25], but we could not docu-
ment any significant outcome advantage in our
surgical group (P = 0.119). Though assuming that
the outcomes may be worse for dominant side hae-
morrhages may be reasonable, we could not iden-
tify significance for a particular side. A higher fre-
quency of putaminal haemorrhages was observed
on the side of dominant A1 [26].

Different studies have attempted to elucidate
prognostic information from radiological data in
ICH. The leakage of contrast into the haematoma
is called the spot sign [27] and is a grave prog-
nostic marker. It is an indication of active haem-
orrhage. Delgado Almandoz et al. [28] have devel-
oped a spot sign scoring system to predict mor-
tality and poor outcome. But this required a con-
trast CT scan, which is only sometimes taken as
a first-line investigation. The swirl sign, which is
classically described in epidural haematoma, can
also be seen in intracerebral haemorrhages. This
sign shows a low attenuated area with irregular
density in the haematoma. If this sign is present, it
is an independent predictor of death at one month

Journal of Medical Science 2023;92(1)

49



50

[29]. Li Q et al. [30] described the blend sign as the
presence of two areas within the haematoma, one
relatively hypoattenuating area with an adjacent
hyperattenuating area with well-defined margins
visible to the naked eye. There should be at least
an 18-Hounsfield-unit difference between the two
areas. This sign was observed only in 16.9% of
patients, but if present, has got 95.5% specificity
for predicting haematoma growth. Another sign
described by Qi Li et al. is the black hole sign [31].
This is an area of hypoattenuation with clearly
visible borders within an area of hyper attenuation
with a difference of 28 Hounsfield units. The sign
was specific for predicting haematoma growth and
was present in 14.6% of patients. Of all the above
radiological signs, the spot sign was the most reli-
able outcome predictor [32]. The heterogeneity
of density of the haematoma itself is a marker of
poor outcome [33]. However, the signs mentioned
above are not present in all patients and hence
cannot be uniformly applied to all patients.

Conclusion

In summary, based on radiological data alone,
the MIVL score is an easy scoring system for
risk stratification and prognostication of patients
with supratentorial ICH. The score is simple and
will enable an exchange of prognostic informa-
tion between healthcare professionals across
various disciplines, even if clinical data needs to
be included, but not to be used as the best indi-
cator of prognosis. The model has been primarily
intended to be used in places where resources are
limited to take appropriate decisions regarding
referral, intensive care or operative interventions
and patient counselling regarding the potential
outcome. However, the relatively small number of
patients in our cohort and its single institutional
nature are major limitations of our study.
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ABSTRACT

Introduction. Selected dietary components are crucial for a properly functioning thyroid gland. Therefore
a healthy and balanced diet is crucial for treating patients with Hashimoto's disease.

Aim. This study aims to evaluate the dietary habits of women suffering from autoimmune thyroiditis.
Material and methods. A questionnaire study was conducted in a group of 58 women with Hashimoto's
disease and among 42 women without autoimmune thyroiditis using the Food Frequency Questionnaire
(FFQ-6). To assess compliance with the normal distribution, we used the Shapiro-Wilk test. The compara-
tive assessment was made using the Student's t-test and Mann-Whitney test. The Chi-square test was used
to assess the relationship between the response and the group. A p-value of less than 0.05 was considered
significant.

Results. The study showed no significant differences in dietary habits between the two groups. Only
29% (n = 15) of women with HT declared daily consumption of fruits vs 31% (n = 12) in the control group
(p = 0.3800), and only 2% (n = 1) declared consuming berries daily vs. 5% (n = 2), (p = 0.5270). The consump-
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tion of the recommended several portions of vegetables per day was declared by only 22% (n = 11) of wom-
en with HT vs 28% (n = 11) in the control group (p = 0.3983). 42% (n = 24) of women with HT vs 38.5% (n = 16)
of controls reported eating cruciferous vegetables several times a week (p = 0.8241). 14% (n = 8) of women
with HT vs 19% (n = 8) of women in the control group declared daily consumption of green leafy vegetables
(p = 0.3653). Most people in the study group consume nuts and seeds several times a month, and those in
the control group several times a week. Most HT respondents also declare not to consume the recommend-

ed amount of fish.

Conclusions. The diet of patients with Hashimoto's disease does not differ significantly from that of non-
Hashimoto's disease patients. Considering the study results and current scientific knowledge, it seems nec-
essary to undertake educational activities for patients with Hashimoto's disease to increase patient aware-

ness of the impact of diet on the course of the disease.

Introduction

Hashimoto's disease (HT, Hashimoto's Thy-
roiditis) is the most common chronic autoim-
mune disease in iodine-sufficient areas. HT is
characterized by the presence of autoantibodies
directed against thyroid peroxidase (anti-TPO)
and thyroglobulin (anti-TG), elevated thyrotropic
hormone (TSH) levels, and often reduced levels
of free thyroxine (fT4) and sometimes free tri-
iodothyronine (fT3). An ultrasound image of the
thyroid gland shows lymphocytic T- and B-cell
infiltration, fibrosis, and hypoechoic parenchyma
[1, 2]. Occasionally, a thyroid goiter is also pres-
ent, but in most cases a reduction in thyroid size
is observed. Treatment of HT is mainly based on
synthetic thyroid hormone therapy [3].

For the development of HT is responsible
a complex autoimmune process involving thy-
roid cells through a chain reaction. Pathogenic
mechanisms that may lead to the development of
Hashimoto's disease include impaired function of
regulatory T cells (Treg, T regulatory cells), which
are responsible for inhibiting excessive anti-in-
flammatory response and protecting the organism
from autoimmunity. Possible pathomechanism is
also an increase in the activity of follicular helper
T cells (Tfh) involved in stimulating the production
of B lymphocytes, by increasing the production
of interleukin-21 (IL-21). Furthermore, DNA frag-
ments released after cell apoptosis and an altered
microRNA profile are thought to initiate and perpet-
uate the autoimmune process. Infiltrating thyroid
T and B lymphocytes show a cytotoxic effect on
the cell, leading it to apoptosis and, consequently,
to the production of antibodies and increased pro-
duction of inflammatory cytokines [4].

Among the genes involved in the develop-
ment of HT, the mainly mentioned are the tissue
compatibility system (HLA, Human Leukocyte
Antigen) and polymorphisms in the cytotoxic
T-lymphocyte antigen 4 (CTLA-4) gene, as well
as in the PTPN22, CD14, CD40 and IL2R genes [5].
However, Jabrocka-Hybel et al. in a study on 147
HT patients and 147 healthy individuals, showed
that the genetic predisposition factors used for
HT development, without taking into account
environmental and personal factors, are not suf-
ficient to predict the actual risk of HT [6].

Epidemiological observations show an
increasing trend in the incidence of HT since the
1950s. Previously, few cases of the disease were
reported, whereas today HT is the most com-
mon autoimmune disorder. These observations
confirm that, in addition to genetic factors, envi-
ronmental factors have a huge impact on the
development of the disease. Environmental fac-
tors include dietary errors, including excessive
iodine intake and selenium deficiency, infections,
especially hepatitis C, excessive environmental
hygiene, stress, certain drugs, cytokine therapies,
and lithium salts [7, 8]. Factors predisposing to
the development of HT also include the influence
of oxidative stress, climate, age, and sex. The ini-
tiating effect of an autoimmune response in the
thyroid gland has also been attributed to preg-
nancy [2, 7]. Interestingly, it has been observed
that cigarette smoking and moderate alcohol
consumption show a protective effect against the
development of Hashimoto's disease [8].

In countries where mandatory iodine fortifica-
tion of food has been introduced for the preven-
tion of diseases caused by an insufficient iodine
supply, the incidence of HT has increased, where-
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as, in countries with an insufficient iodine supply,
HT cases are observed less frequently [9].

Mechanisms explaining why excessive iodine
intake may predispose to HT include modification
of thyroglobulin at the epigenetic level, resulting in
the production of a factor to which the immune sys-
tem has not yet developed immune tolerance, and
excessive induction of apoptosis of thyroid cells,
resulting in the release of large numbers of T lym-
phocytes involved in the autoimmune response [8].

On the other hand insufficient dietary sele-
nium supply is associated with a decrease in the
activity of glutathione peroxidase (GPx), thiore-
doxin reductase (TRx), or iodothyronine deio-
dase (DIO). Decreased GPx activity is associated
with increased production of hydrogen peroxide
and thyroid peroxidase, resulting in the destruc-
tion of thyroid cells. GPx and TRx have antioxi-
dant activity, so selenium deficiency contributes
to a decrease in protective capacity against oxi-
dative stress [8]. Deiodinases are responsible for
the conversion of T4 to T3. Selenium can also
regulate T lymphocytes, resulting in increased
immune tolerance, and has an anti-inflammato-
ry effect. Furthermore, selenium can inhibit the
expression of HLA-DR molecules on thyrocytes,
suppressing thyroid autoimmunity [9].

It is also worth paying attention to an ade-
quate iron supply due to its significant role in the
production of the thyroid hormones T3 and T4 -
the enzyme TPO, which is involved in the synthe-
sis of thyroid hormones, is only activated after
heme binding [10]. Iron deficiency, which reduces
the activity of the TPO enzyme, is more common
in HT patients than in the healthy population [9].
Furthermore, it has been suggested that, through
its effect on the immune system, also vitamin D
may be involved in regulating thyroid function,
but research in this area is conflicting [9].

Furthermore, there is an interest in elimina-
tion diets, e.g. gluten-free and lactose-free diets,
among HT patients. Lactose intolerance is diag-
nosed in up to 75.9% of HT patients, and 5.9—
22.5% of HT patients have positive CD-related
autoantibodies [11].

Aim

The aim of this study was to assess eating habits
in patients with HT.

Journal of Medical Science 2023;92(1)

Material and methods

We included 58 women with HT in the study
group, and 42 women without HT, who were
classified as controls. Data were collected from
November 2019 to January 2021. A validated
Food Frequency Questionnaire (FFQ-6) was used
to assess dietary intake, allowing the collection
of information on the frequency of consumption
of 62 food groups, which simultaneously identi-
fies the intake of 8 main food groups consumed
over the preceding 12 months of questionnaire
completion. The respondents could declare
frequency of consumption by choosing one
of the following answers: several times a day,
every day, several times a week, several times
a month, once a month or less often, never, or
almost never.

The inclusion criteria for the study group were
female sex and a diagnosis of Hashimoto's dis-
ease based on ultrasound and antibody testing.
For the control group, the inclusion criteria were:
female sex, and no Hashimoto's disease.

Before entering the study, each participant
was asked to give written informed consent to
participate in the study. Patients were informed
that they could withdraw from the study at any
stage. All data remained anonymous — each
participant was given an anonymous number,
which was used in analyses at further stages of
the study.

The obtained results of the study were col-
lected in the form of a database with the help of
Microsoft Excel. Statistical analyses were car-
ried out using Dell Statistica software. Quali-
tative data were presented in quantitative and
percentage terms. The Shapiro-Wilk test was
used to assess the concordance of the thyroid
parameters studied with a normal distribu-
tion; a comparative assessment of the param-
eters and selected variables between the con-
trol group and the study group was performed
using the Student's t-test and the Mann-Whit-
ney test. The Chi-square test was used to
assess the relationship between response and
group. A p-value of less than 0.05 was consid-
ered significant.

The study was approved by the Bioethics
Committee at the Poznan University of Medical
Sciences (Poland) No. 69/19.



Results

A total of 100 women were enrolled in the study,
where 58 women diagnosed with HT were includ-
ed in the study group, and 42 women not suffer-
ing from HT were included in the control group.
The mean age of the women in the study group
was 31 % 6.92 years and in the control group the
mean age was 29 + 6.47 years. The characteris-
tics of the thyroid parameters of the study par-
ticipants are shown in Table 1.

We found no statistically significant dif-
ferences in diet between the group of female
patients with Hashimoto's disease and the con-
trol group. When asked about the frequency of
fruit consumption, the female participants most
frequently answered that they consumed fruit
several times a week — this answer was given by
44% of the study group and 33% of the control
group, respectively, and daily consumption was
declared by 29% of the study group and 31% of
the control group. However, there was no correla-
tion between responses and group (p = 0.3800).
Detailed results are shown in Figure 1.

The majority of female patients in both groups
reported consuming berries several times a month
or once a month and less frequently. There was
no correlation between responses and group
(p = 0.5270). Detailed results are shown in Figure 2.

Most women in the study group declared to
consume vegetables several times a week and
daily, while in the control group it was daily and
several times a day. There was no correlation
between responses and group (p = 0.3983). The
results are presented in Figure 3.

In both groups, most participants reported
consuming vegetables several times a week and

several times a month. There was no correlation
between responses and group (p = 0.8241). The
results are shown in Figure 4.

Most women in the study group report con-
suming leafy vegetables several times a week,
and those in the control group several times
a month. There was no correlation between
responses and group (p = 0.3653). The results are
shown in Figure 5.

None of the respondents declared eat-
ing legumes several times a day. The most fre-
quent answer in both groups was once a month
or less often. There was no correlation between
responses and group (p = 0.8574). The results are
shown in Figure 6.

Most women with HT report consuming seeds
and grains a few times a week, with the next
most frequently chosen answers being a few
times a month and never or almost never. In con-
trast, in the control group, the most frequently
selected answer was a few times a month. There
was no correlation between responses and
group (p = 0.3299). The results are presented in
Figure 7.

None of the respondents declared to eat oily
fish several times a day or every day. The most
frequent answer given in both groups was nev-
er or almost never. There was no correlation
between responses and group (p = 0.8995). The
results are shown in Figure 8.

Similarly, none of the respondents declared to
consume lean fish several times a day or every
day. The most frequent answer given was once
a month or less often, and in the control group
also several times a month. There was no corre-
lation between responses and group (p = 0.9679).
The results are shown in Figure 9.

Table 1. Comparison of thyroid panel parameters between groups.

Parameter Group Mean SD p
tud 2.76 3.42 =07
TSH lub/m] contral 2.41 099 i
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e
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Figure 1. How often in the last 12 months have you drunk or eaten fruits, all types?
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Figure 2. In the last 12 months, how often did you drink or eat berries: strawberries, raspberries, blackberries, blueber-
ries, currants?
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Figure 3. In the last 12 months, how often have you drunk or eaten vegetables, all types?
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Figure 4. In the last 12 months, how often did you drink or eat cruciferous vegetables: white cabbage, Italian cabbage,
red cabbage, Chinese cabbage, brussels sprouts, cauliflower, broccoli, kale?
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Figure 5. In the last 12 months, how often did you drink or eat leafy green vegetables: spinach, radicchio, butter lettuce,
iceberg lettuce, romaine lettuce, rocket, leeks, celery, parsley leaves?

50%
40%
30%
20%
N l l I I
0% I -
several times a every day several timesa several timesa once a month or never or almost
day week month less often never

B Study group  ® Control group

Figure 6. In the last 12 months, how often did you drink or eat dry pulses e.g. broad beans, beans, soya, peas, chickpeas,
and in dishes e.g. pea soup, baked beans, hummus and other pastes?
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Figure 7. In the last 12 months, how often did you drink or eat grains, e.g. pumpkin, sesame, sunflower, wheat germ?
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Figure 8. In the last 12 months, how often did you drink or eat oily fish, e.g. salmon, sardines, herring, mackerel, large

carp, eel?
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Figure 9. In the last 12 months, how often did you drink or eat lean fish, e.g. pollock, cod, perch, hake, carp up to 1 kg,
tuna, panga, trout?
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Discussion

An adequate diet seems to be an important part of
the therapeutic management of patients with HT.
However, our study showed no statistically signifi-
cant differences between the diets of HT and con-
trol patients. Only 7.5% of women with HT declared
that they consumed fruit several times a day, and
29% daily. Few subjects declared sufficient intake
of berries, which have a high antioxidant poten-
tial — 2% of HT subjects declared consuming ber-
ries daily and 19% several times a week. In con-
trast, the consumption of the recommended sev-
eral portions of vegetables per day was declared
by only 22% of those with HT. Interestingly, no
statistical differences were observed in the level
of intake of cruciferous vegetables between the
two groups. There is a popular myth that people
with hypothyroidism should not consume cru-
ciferous vegetables because of the goitrogens
they contain, which can disrupt thyroid function
by binding iodine used in the production of thy-
roid hormones. However, it should be emphasized
that the consumption of cruciferous vegetables in
moderation does not adversely affect the thyroid
gland and that the adverse effects of goitrogens
may only become apparent with a concomitant
insufficient supply of iodine. Furthermore, heat

processing of food eliminates a significant pro-
portion of goitrogenic substances [13].

It is therefore a positive result that, in the
study, 43% of women with HT report eating cru-
ciferous vegetables several times a week. Cruci-
ferous vegetables are a rich source of bioactive
substances with anticancer effects.

About half of women with HT declare that they
consume green leafy vegetables several times
a week, but less than 19% consume them daily.
Legumes are most often consumed once a month
or less often by 42% of the people in the study
group and 46.5% of the control group. Only 2 peo-
ple in the study group and 1 person in the control
group declared to consume legumes daily.

In contrast, nuts and seeds are consumed
several times a month by most people in the
study group and several times a week by those in
the control group.

The majority of HT respondents also declare
not consuming the recommended amount
of fish — almost 25% of female respondents
answered that they never consume oily fish
and 39% answered that they consume it once
amonth or less often. Similarly, lean fish — 33% of
respondents consume it several times a month,
42% once a month or less often, and 13% never or
almost never.

Table 2. Nutritional sources of dietary components important for proper thyroid functioning [12, 20].

Nutrient Dietary sources Requirements for adult women
lodine milk and dairy products, fish and seafood and eggs 150 pg/day, 220 pg/day for pregnant women and 290 pg/
iodised salt day for breastfeeding women
Selenium offal, especially kidney, sea food: shellfish and fish, milk 55 pg/day, 60 pg/day for pregnant women and 70 pg/day
and milk products, garlic, mushrooms, dry pulses for breastfeeding women
Iron meat, fish, cereals, beans, nuts, egg yolks, dark green 18 mg/day for women aged 19-50 years, 10 mg/day after
vegetables, potatoes and fortified foods 50 years old, 27 mg/day for pregnant women and 10 mg/
day for breastfeeding women
Zinc meat, liver, rennet cheeses, brown bread, buckwheat, 8 mg/day for women, 11 mg/day for pregnant women and
eggs 12 mg/day for breastfeeding women
Vitamin D fatty fish, eggs, milk and milk products, fortified 15 pg cholecalciferol/day at a sufficient intake level
margarine — only 20% of the body's vitamin D pool is
obtained from the diet
Vitamin C parsley, black currants, kiwi fruit, red pepper, cruciferous 75 mg/day for women, 85 mg/day for pregnant women,
vegetables, strawberries, citrus fruits and 120 mg/day for breastfeeding women
Vitamin E wheat germ oil, sunflower oil, safflower oil, cereal 8 mg tocopherol/day, 10 mg/day for pregnant women, 11
products, nuts, vegetables, meat, and dairy products mg/day for breastfeeding women
Vitamin A B-carotene: carrots, parsley, spinach, kale, broccoli, 700 pg retinol equivalent/day,

apricots, peaches

retinol: offal, especially in liver, eggs, rennet ripening

cheese, butter and some sea fish

770 pg retinol equivalent/day for pregnant women, 1300
jg retinol equivalent/day for breastfeeding women
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Both green leafy vegetables and oily marine
fish are part of the anti-inflammatory diet recom-
mended for people with HT. Green leafy vegeta-
bles are a source of antioxidant micronutrients
and oily marine fish are a source of highly anti-in-
flammatory omega-3 fatty acids. Also, lean fish is
a source of iodine and selenium which are impor-
tant dietary components for people with thyroid
disease [13].

An interesting study was conducted by Omel-
janiuk et al. on a group of 101 women aged 17-68
years with diagnosed Hashimoto's disease, living
in the areas of Biatystok, Ketrzyn and Zambréw. It
was observed that the diets of the studied women
were characterized by an insufficient energy sup-
ply, a low content of fats and dietary fiber, and, in
turn, an excess of protein and digestible carbohy-
drates [14].

Kali¢anin et al. in a study designed to dem-
onstrate dietary differences between a group of
491 patients with HT and a group of 433 patients
without thyroid disease, observed that patients
with HT consumed higher amounts of animal fats
and processed meat, as well as nuts compared
to controls. In contrast, they were less likely to
consume red meat, soft drinks, whole grain prod-
ucts, vegetable oil, olive oil, alcohol, fatty fish and
fruit. Furthermore, researchers have shown that
patients don't tend to change their eating habits
after HT diagnosis [15].

A gluten-free diet has gained considerable
popularity among people with HT. Celiac dis-
ease, an indication for adherence to a strict glu-
ten-free diet, is diagnosed in HT patients up to 10
times more frequently than in the healthy popu-
lation [11]. Some researchers suggest that glia-
din, a component of gluten, triggers an immune
system response that targets not only gliadin but
also the thyroid gland [3]. Malabsorption is also
a common symptom of celiac disease, and as
a result, deficiencies of the key elements for thy-
roid function — iodine and selenium — can occur.
Additionally, an improperly managed gluten-free
diet is very often a deficiency diet [16].

Krysiak et al. conducted a study on a group
of 34 women aged 20—45 years with newly diag-
nosed HT in a euthyroid state, not taking levothy-
roxine. The women were divided into two groups,
group A and group B. Women in group A were
put on a gluten-free diet for 6 months, while no
dietary modifications were made in group B. After
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6 months, it was observed that anti-TPO and anti-
TG antibody levels decreased in women following
the gluten-free diet. A slight increase in vitamin
D3 levels was also observed compared to control
subjects. The researchers suggest that a gluten-
free diet may be of clinical benefit to euthyroid
women with Hashimoto's thyroiditis, who are at
high risk of developing hypothyroidism due to
significantly elevated anti-thyroid antibodies [18].

On the other hand, Poblocki et al. on a group
of 62 women with HT aged 18-55 years assessed
the effect of a gluten-free diet on TSH, fT3, fT4,
anti-TPO, and anti-TG levels after 3, 6 and 12
months. The women were taking levothyroxine
and celiac disease was excluded. The research-
ers showed that eliminating gluten from the
diet of HT patients led to lower TSH levels and
increased fT4 levels compared to the control
group, suggesting that a gluten-free diet may
improve intestinal absorption of levothyroxine.
However, no differences were seen in anti-TPO
and anti-TG concentrations in both groups. The
researchers also note that patients enrolled in the
study group were educated on how to properly
compose a healthy and balanced gluten-free diet
by a qualified dietitian. Therefore, it is worth con-
sidering whether dietary education influenced
the change of eating habits to healthier ones in
patients from the study group [17].

In the light of current research, POLSPEN rec-
ommends the introduction of a gluten-free diet
only in HT patients with coexisting coeliac dis-
ease. Thus, in the light of the current study, there
is no indication to introduce a gluten-free diet in
patients with HT. However, it is worth consider-
ing diagnostic testing for coeliac disease in HT
patients due to the frequent co-occurrence of
autoimmune diseases [19].

Also, lactose elimination is only recommended
in patients with HT and coexisting lactose intol-
erance. Consumption of lactose by those with
lactose intolerance reduces the bioavailability
of levothyroxine [3]. Given the high prevalence of
lactose intolerance, it is suggested that patients
with HT, especially those presenting with specific
symptoms, should be diagnosed for lactose intol-
erance [11].

The diet of people with HT should be based on
the principles of healthy nutrition for the healthy
population, but there is no universal diet for all
HT patients. It is extremely important to individu-



alize dietary recommendations based on detailed
health and nutritional history. Dietary factors
affect thyroid function and hormone secretion
mainly by influencing the hypothalamic-pitu-
itary-thyroid-peripheral tissue axis. Diet can also
influence inflammatory processes in the thy-
roid gland. The diet should therefore be rich in
nutrient-dense foods to ensure proper synthesis
and secretion of thyroid hormones, as well as in
foods with high antioxidant and anti-inflammato-
ry potential to give the diet an anti-inflammatory
character. The diet shall be correctly composed
in terms of energy, fatty acids, protein and car-
bohydrate content, as well as vitamins and min-
erals. Special attention should be paid to iodine,
selenium, iron, as well as zinc, and vitamins A, D,
E, and vitamin C [12].

Conclusions

The diet of patients with Hashimoto's dis-
ease does not differ significantly from that of
non-Hashimoto's disease patients. Taking into
account the results of the study and current sci-
entific knowledge, we believe that it is advisable
to undertake educational activities for patients
with Hashimoto's disease in order to increase
patient awareness of the impact of diet on the
course of the disease.

Based on current scientific reports [3, 9, 11],
the most important dietary recommendations for
Hashimoto's patients are as follows:

1. Consume 4-5 regular, properly composed
meals.

2. Ensure adequate intake of key vitamins and
minerals: especially iodine, selenium, iron,
vitamin D, as well as zinc, vitamin A, C and E.

3. Match the energy value of your diet to your
lifestyle, health, sex, and age — both low-cal-
orie and high-calorie diets can affect thyroid
function by increasing TSH if the diet is too
high in energy and decreasing fT3 levels if the
diet is too low in energy.

4. Increase protein supply to 15-20% and in
some cases up to 20-25% of daily energy
intake.

5. Include sources of complex carbohydrates in
the diet in the form of whole-grain and high-
fibre products, especially with co-morbid car-
bohydrate imbalances and co-occurring con-

stipation. Minimise the intake of simple sug-
ars and eat more vegetables and fruit instead.

6. Ensure adequate quantity and quality of fats
in the diet. Increase your intake of unsatu-
rated fats from plant products, e.g. olive oil,
rapeseed oil, linseed oil, nuts and seeds, and
omega-3 fatty acids from oily marine fish.

7. Avoid elimination diets if not indicated.
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ABSTRACT

Aim. Primary hyperparathyroidism (PHPT) often coexists with thyroid diseases. Current guidelines advise
preoperative ultrasound (US) examination of the thyroid gland for thyroid nodular disease or concomitant
malignancy but not evaluation for autoimmune thyroiditis (AIT). The impact of autoimmune thyroiditis on the
clinical presentation and intraoperative course of PHPT is not clear.

Material and methods. We retrospectively assessed the medical records of 21 patients with PHPT who under-
went parathyroidectomy. Clinical, biochemical, ultrasonographic and intraoperative data were evaluated.
Results. There was a longer duration of parathyroidectomy in patients with AIT than in those without (113.3
min vs. 93.9 min, P = 0.03). A lower rate of kidney stones was noted in patients with autoimmune thyroiditis
(44.4% vs. 0%, P = 0.03). Patients with AIT were more symptomatic, but this was not significant. There was no
difference between the two groups in the prevalence of osteoporosis or thyroid nodular disease.
Conclusions. A significantly longer duration of parathyroidectomy was seen in PHPT patients with AIT.
Patients with PHPT undergoing surgery should be investigated for autoimmune thyroiditis, as this may
affect surgical planning.
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Introduction

Primary hyperparathyroidism (PHPT) is charac-
terized by elevated serum calcium levels along
with elevated or paradoxically normal parathy-
roid hormone levels (PTH). It has varying inci-
dence worldwide, ranging from 0.4 to 82 cases
per 100,000 people [1]. When indicated, minimally
invasive parathyroidectomy (MIP) is the surgical
treatment of choice [2]. The American Association
of Endocrine Surgeons (AAES) endorses the MIP
approach due to its minimal operation length, fast
recovery and rare intraoperative complications,
and it provides a cure rate between 97% and 99%
[2]. More than 85% of PHPT cases arise from soli-
tary parathyroid adenomas, and the success of
the operation depends on accurate imaging tech-
niques that pinpoint the exact location of the ade-
noma, establish the probability that the adenoma
is solitary or not and investigate the presence of
concomitant thyroid nodular disease [2, 3].
Current guidelines suggest performing preop-
erative neck ultrasound to identify thyroid nodules
and thyroid cancer [2, 4]. A study by M. Regal et al.,
showed that more than half of PHPT patients under-
going parathyroidectomy had concomitant thyroid
disease [5]. Latina et al. showed that thyroid disease
was present in 60% of PHPT patients, mostly thyroid
nodular disease [6]. Even so, the current guidelines
do not address preoperative screening for auto-
immune thyroiditis, which is commonly present in
patients with primary hyperparathyroidism.
Hashimoto's thyroiditis is the most common
autoimmune thyroid disease and the most com-
mon cause of hypothyroidism in adults in the
US, with an annual incidence worldwide of 0.3—
1.5/1000 individuals/year and a much higher inci-
dence [7]. It is characterized by chronic thyroid
tissue inflammation, where the thyroid parenchy-
ma is distorted by lymphocytic infiltration [7]. In
a study by Ignjatovic et al., PHPT was more fre-
quent in Hashimoto's thyroiditis patients, and it
was postulated that chronically elevated TSH in
the advanced stage of Hashimoto's thyroiditis may
cause hyperplasia of the parathyroid gland [8].

Aim

The aim of this research study was to investigate
the impact of autoimmune thyroiditis on PHPT

Journal of Medical Science 2023;92(1)

and to evaluate the association of these two dis-
eases in terms of symptoms, biochemical vari-
ables, and surgical outcomes.

Material and methods

Patient Recruitment

This was a retrospective review of the medical
and surgical records of 21 patients with PHPT in
the Thyroid & Endocrinology Center in Nicosia,
Cyprus, a referral center for thyroid, parathyroid
and endocrine diseases [9]. Inclusion criteria were
primary hyperparathyroidism and parathyroidec-
tomy. Patients with secondary or tertiary hyper-
parathyroidism were excluded. All patients under-
went parathyroidectomy between 2016 and 2020
by a single endocrine surgeon. Eighteen patients
underwent minimally invasive parathyroidecto-
my. One patient underwent concomitant hemith-
yroidectomy, and another patient underwent
concomitant total thyroidectomy. A third patient
did not undergo primary surgery but underwent
reoperation for persistent disease. These three
patients were excluded from the analysis of pro-
cedure length. Patients who had two parathyroid
adenomas were also excluded from the analysis
of procedure length. Data recorded were sex, age,
weight, height, presence of symptoms, number
and locations of parathyroid adenomas, presence
or absence of concomitant nodular thyroid dis-
ease, thyroid cancer or autoimmune thyroid dis-
ease, calcium, phosphorus, PTH, TSH, FT4, 25-OH
Vit. D, presence or absence nephrolithiasis, and
dual energy X-ray absorptiometry (DEXA). Sur-
gical data included the size and locations of the
adenomas and the duration of the operation.

All patients underwent thyroid and neck ultra-
sound (US) by a GE Logiq E9 system with a ML
6—15 MHz linear transducer by a single endocri-
nologist experienced in endocrine neck US [10].
The possible parathyroid adenomas identified on
US were mapped onto a detailed diagram, denot-
ing the location and dimensions of each adeno-
ma [11]. The diagnosis of autoimmune thyroiditis
was based on a combination of detailed history
taking, ultrasound findings and the presence of
thyroid autoantibodies. All patients underwent
abdominal ultrasound examination to evaluate
the presence or absence of kidney stones and
dual-energy X-ray absorptiometry (DEXA) to



assess bone mineral density (BMD) of the lumbar
spine and femoral head.

The following parameters were examined
regarding theimpact on PHPT: sex, age, BMI, eGFR,
number of adenomas, preoperative US dimen-
sions, postoperative dimensions and vascularity,
Hashimoto's thyroiditis/Graves' disease, nodular
thyroid disease, serum calcium, phosphate, PTH,
TSH, FT4, calcitonin, bone mineral density, and
presence or absence of clinical symptoms.

Statistical Analysis
The data are presented as mean and standard
deviation (SD) for numerical variables and abso-
lute and percentage frequencies for categori-
cal variables. The comparison of continuous
variables between the two groups was done by
performing an independent samples t test. To
compare categorical variables with two possible
outcomes, such as sex; the presence of nephro-
lithiasis, cancer, or thyroid nodules; the number
of parathyroid adenomas; and the presence or
absence of symptoms, Fisher's exact test was
performed. For categorical variables with three
possible outcomes (bone mineral density sta-
tus: normal, osteopenia, osteoporosis), Pearson's
chi-square was performed. A two-sided value of
P < 0.05 was considered statistically significant.
Statistical analysis was performed using the sta-
tistical analysis software package IBM-SPSS 20.
The study was approved by the Cyprus Nation-
al Bioethics Committee. Patients’ personal infor-
mation and identities were kept fully confidential
throughout the study.

Results

Table 1 lists the demographic characteristics, labo-
ratory values and clinical data. Nine patients (42.9%)
did not have concomitant autoimmune thyroiditis
(Group 1). Twelve patients (57.1%) had autoimmune
thyroiditis (Group 2), of whom 11 had Hashimoto's
thyroiditis and 1 had Graves' disease that had pro-
gressed to hypothyroidism. The mean age was
56.2 + 10.5 (range from 32 to 76 years). Eighteen
patients (85.7%) were female. Of the 21 patients,
one patient (4.8%) had concomitant differenti-
ated thyroid cancer, while 12 patients (57.1%) had
thyroid nodules. Seventeen patients (81.0%) had
a solitary adenoma, whereas the other 4 patients

(19.0%) had two. Four out of the 21 patients (19.0%)
had nephrolithiasis or nephrocalcinosis. Fifteen
patients (71.4%) reported symptoms of hyperpara-
thyroidism, while 6 patients (28.6%) did not report
any specific symptoms. The most common symp-
toms that were reported were bone pain, arthral-
gias, tiredness/fatigue and anxiety.

Preoperative serum calcium was 10.45 mg/
dl + 0.52, while preoperative PTH and phospho-
rus were 124.6 pg/ml + 65.8 and 3.0 mg/dl £ 0.5,
respectively.  Thyroid-stimulating  hormone
(TSH), 25-0H-vitamin D (calcidiol), and creati-
nine were 1.85 plU/ml + 0.93, 26.8 ng/ml + 10.08
and 0.74 + 0.12, respectively. Six patients (28.6%)
had normal bone mineral density, 10 patients had
osteopenia (47.6%), and 5 patients (23.8%) had
osteoporosis.

The mean age of Group 2 (autoimmune
thyroiditis) was 59.2 = 7.7, whereas Group 1
(non-autoimmune thyroiditis) had a mean age
of 52.2 + 12.3 (P = 0.15). There were 3 male
patients (33.3%) and 6 female patients (66%)
in Group 1, while Group 2 had no male patients
(P = 0.06). The mean eGFR in Group 2 was 85.89
mL/min/1.73 m2 + 12.63, whereas in Group 1, the
mean eGFR was 90.54 + 11.59 mL/min/1.73 m?
(P =0.4). In Group 1, 4 out of 9 patients (44%) had
nephrocalcinosis or nephrolithiasis compared
to none of the 12 patients in Group 2 (P = 0.03).
There was no significant difference between the
groups regarding the presence of clinical symp-
toms (55.6% vs. 83.3%, P = 0.33). Thyroid nodu-
lar disease was similarly common in both groups
(66.6% vs. 50%, P = 0.66).

There were no statistically significant differ-
ences between the groups in the level of PTH,
calcium, TSH, phosphorus, 25-OH-vitamin D or
creatinine. The mean serum PTH was 155.0 pg/
ml + 89.3 in Group 1 and 101.8 pg/ml + 27.3 in
Group 2 (P = 0.06). The serum calcium in Group 1
was 10.42 mg/dl + 0.57 vs. 10.47 mg/dl + 0.49 in
Group 2 (P = 0.82). Bone mineral density did not
differ between the two groups (P = 0.65).

In all Group 1 patients, preoperative US imag-
ing found that all the adenomas were situated
where the surgeon localized them intraopera-
tively. In 1 of the 12 (8.3%) Group 2 patients, the
adenoma was found to be at a different location
than shown preoperatively and bore a second
adenoma that had not been identified by US pre-
operatively.

Journal of Medical Science 2023;92(1)



Table 1. Demographic characteristics, laboratory values and clinical data

Parameters All Patients Group 1 Group 2 p value
(n=21) (n=9) (Autoimmune Thyroiditis)

(n=12)
Demographic Data
Age 56.2+10.5 5221123 59.2+77 0.15+
Male 3(14.3%) 3(33.3%) 0 0.06°
Female 18 (85.7%) 6 (66.6%) 12 (100%)
BMI kg/m’ 26.8+4.0 259+35 275+4.4 0.4*
eGFR ml/min/1.73 m? 87.89+1213  90.54+11.59 85.89+12.63 0.4+
Preoperative Ultrasonography
Thyroid Nodules (%) 12 (57.1%) 6 (66.6%) 6 (50%) 0.66°
Number of Adenomas
Solitary Adenoma 17 (81.0%) 8 (88.9%) 9 (75.0%) 18
Two Adenomas 4(19.0%) 1(11.1%) 3(25.0%)
Adenoma Size (cm) 1.36 £ 0.61 1.49+0.81 1.25+0.40 0.39*
Abdominal Ultrasonography
Nephrolithiasis/Nephrocalcinosis (%) 4(19.0%) 4 (44.4%) 0 0.03%
Clinical Symptoms
Symptomatic (%) 15 (71.4%) 5 (55.6%) 10 (83.3%) 0.33%
Asymptomatic (%) 6 (28.6%) 4 (44.4%) 2 (16.7%)
Biochemical Laboratory Values
Serum PTH (pg/ml) 124.6 +65.8 155.0 + 89.3 101.8+27.3 0.06*
Serum Ca (mg/dl) 10.45+0.52 10.42 + 0.57 10.47 +0.49 0.82+
Serum Phosphorus (mg/dl) 3.0+05 2.90 + 0.62 3114033 0.37+
Serum TSH (pIU/ml) 1.85+0.93 2.27+0.78 1.54+0.94 0.07+
Serum 25-0H-Vitamin D (ng/ml) 26.8+10.08 30.32+10.96 2416 18.90 0.17+
Serum Creatinine (mg/dl) 0.74+0.12 0.77+0.15 0.72+0.09 0.30*
BMD (DEXA)
Normal BMD (%) 6 (28.6%) 2 (22.2%) 4(33.3%) 0.65"
Osteopenia On Any Site (%) 10 (47.6%) 4 (44.4%) 6 (50%)
Osteoporosis On Any Site (%) 5(23.8%) 3(33.3%) 2(16.7%)
Surgical Data All patients Group 1 Group 2 p value

(n=16) (n=7) (Autoimmune Thyroiditis)

(n=9)

Procedure Length (min) (Solitary adenomas) ~ 104.8 + 18.5 93.9+20.7 133115 0,03+

Continuous variables expressed as mean + SD, Categorical variable expressed as frequency and percentages
*Independent samples t test; SFisher's exact test; "Pearson's chi-square

Procedure Length Results

After excluding from the procedure length analy-
sis the patients who underwent concomitant thy-
roid surgery, reoperation for persistent disease
and the patients with two parathyroid adenomas
the mean duration of surgery of all the patients
with solitary parathyroid adenoma (n = 16) was
104.8 min. + 18.5 min. Group 1 had a mean dura-
tion of 93.9 min + 20.7 min, whereas the mean
duration in Group 2 was 113.3 min + 11.5 min
(P=0.03).
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Discussion

Our primary finding was that autoimmune thy-
roiditis increases the surgical time in patients
with PHPT by an average of 19 min compared to
the absence of autoimmune thyroiditis. As all but
one of the patients in Group 2 had Hashimoto's
thyroiditis, the effect on PHPT was primarily due
to Hashimoto's thyroiditis. Thyroid pathologies,
specifically Hashimoto's thyroiditis, are com-
monly found in patients with PHPT undergoing



parathyroidectomy. The incidence of Hashimo-
to's thyroiditis in patients undergoing parathy-
roidectomy has been reported to range from 2.2%
to 42% [5, 12-17]. Our study, however, showed
a higher rate (57.1%) of Hashimoto's thyroiditis in
PHPT. Hashimoto's thyroiditis has been associ-
ated with a higher likelihood of transient compli-
cations during thyroidectomy, likely secondary to
thyroid gland adherence to the surrounding tis-
sues, increasing the risk of injury to the parathy-
roid glands and recurrent laryngeal nerves [18].

Current guidelines on preoperative work-up do
not recommend screening for autoimmune thy-
roid disease prior to parathyroidectomy. Based on
our research outcomes and the fact that Hashim-
oto's thyroiditis is a very prevalent disease, we
can suggest that patients with PHPT scheduled
to undergo parathyroidectomy be evaluated for
autoimmune thyroiditis. As there is additional
operative time needed in patients with autoim-
mune thyroiditis undergoing the MIP procedure, it
is reasonable to suggest that in four-gland explo-
ration procedures, the respective additional time
would be disproportionately longer.

Our study found a high prevalence of concom-
itant thyroid disease in PHPT, either autoimmune
thyroiditis or nodular thyroid disease or both.
Wright et al. suggest that patients with thyroid
pathologies undergoing surgery be investigated
for parathyroid diseases and vice versa due to
the high rate of coexistence of these two entities
[19]. Similarly, the American Association of Endo-
crine Surgeons Guidelines for definite treatment
of PHPT advises preoperative US screening of the
thyroid gland to detect thyroid nodules and pos-
sible malignancies that can affect the course of
the operation [2, 4, 19, 20]. These interventions are
recommended on the grounds that unexpected
concomitant thyroid pathology during parathyroi-
dectomy would necessitate deviations from the
preoperative surgical plan, increase postoperative
complications, increase the discomfort caused to
the patient and increase costs [3, 4, 19, 21].

Another important, unexpected finding of our
study was that patients with autoimmune thy-
roiditis had significantly lower rates of kidney
stones. Circulating thyroid hormones, more spe-
cifically hormones that alter the expression of
certainion channels and transporters, predispose
patients to sodium equilibrium imbalances and
are associated with alterations of the eGFR [22].

Patients with hypothyroidism can present with
a significant reduction in GFR, which can be sec-
ondary to direct renal and systemic effects [22].
In our study, eGFR was lower in patients with AIT
than in those without AIT, though this did not
reach statistical significance. There is no clear
explanation for the lower rate of kidney stones,
but we assume that a lower GFR leads to lower
calcium filtration to the kidney pelvis, therefore
leading to less calcium aggregation and less
nephrolithiasis or nephrocalcinosis.

Our study has several limitations. First, this was
a retrospective study performed at a single cen-
ter in Cyprus, and the small sampling size of only
21 patients inevitably led to sampling impreci-
sion, which is common in endocrinological disease
research but could have been mitigated if a larger
sample had been available. Even so, to the best of
our knowledge, this is the first study that has exam-
ined the intraoperative impact of autoimmune thy-
roid diseases in PHPT patients. As a second limita-
tion, our study examined only patients with PHPT
who underwent parathyroidectomy. Third, most
patients with autoimmune thyroid disease had
Hashimoto's thyroiditis, only one patient having
Graves' disease. Considering this, a generalization
to patients with Graves' disease cannot be made.
Fourth, as US imaging was performed by a single
examiner and operations were performed by a sin-
gle surgeon, our results cannot be generalized.

In summary, our retrospective cohort study
of 21 patients who underwent surgery for para-
thyroid adenomas showed a significantly longer
duration of parathyroidectomy in PHPT patients
with autoimmune thyroiditis. Patients with auto-
immune thyroiditis had a significantly lower
rate of kidney stones. Although not significant,
patients with autoimmune thyroiditis were more
symptomatic. Our results strongly suggest that
patients with PHPT should undergo a complete
investigation for autoimmune thyroiditis, as this
may affect their surgical planning. More stud-
ies are needed to elucidate the clinical and sur-
gical impact of autoimmune thyroid diseases on
patients with PHPT.

Abbreviations

PHPT — primary hyperparathyroidism; AIT — autoim-
mune thyroiditis; PTH — parathyroid hormone levels;
MIP — minimally invasive parathyroidism; US — ultra-
sound.
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ABSTRACT

Introduction. Breast cancer is the second most common cause of cancer death in women. Breast cancer
awareness has increased due to mammography screening.

Aim. The study aims to evaluate the prevalence of the anti-programmed death-ligand 1 (PD-L1) expression
in triple-negative breast cancer (TNBC) cases and to correlate it with clinicopathological parameters.
Material and methods. This retrospective study investigates 44 triple-negative breast cancer cases. PD-L1
expression was measured by an immunohistochemical technique using Dako kits, PD-L1 IHC 22C3 pharm
Dx on 44 paraffin block samples from Duhok Municipal Laboratories. If the specimen has a combined posi-
tive score (CPS) of 10 or higher, it expresses PD-L1. Age groups, grades, types, stages, and lymph node sta-
tus are studied.

Results. The mean age of the 44 patients was 47.7 years. 54.5% of the patients were in the middle age group,
63.6% were in grade Ill, 88.6% had invasive ductal carcinoma, and 75% were negative for PD-L1. 63.6% of the
patients had the nuclear protein Ki67 (Ki-67) less than 20. 70.5% of the patients were in stage T2, and 45.5%
had N1 lymph node status. There is a significant association between PD-L1 and Ki67. All patients with positive
PD-L1 had Ki67 more than 20, while only 15.2% of the patients with negative PD-L1 had Ki67 more than 20.
Conclusion. Most TNBC patients are middle age, have grade Ill, and 75% have negative PD-L1. There is a sig-
nificant association between PD-L1 and Ki-67. All patients with positive PD-L1 have Ki67 of more than 20.

Introduction

Breast cancer is the most common type of cancer
in women and the second most common cause of
death from cancer in women [1]. In recent years,
the use of mammography for screening has
made more people aware of breast cancer [1]. The
prognosis for breast cancer has improved dra-
matically as a result of treatments that target the
estrogen receptor (ER), the progesterone recep-
tor (PR), and the human epidermal growth fac-

tor receptor 2 (HER2) [2]. However, tumours that
do not express ER, PR, or HER2 are called "tri-
ple-negative breast cancers” (TNBC). Triple-neg-
ative breast cancer (TNBC) affects only about
13 out of every 100,000 women diagnosed with
breast cancer each year. It accounts for about
15% of all invasive breast cancers, has a poor
prognosis, and cannot be treated well [3, 4]. The
CD274 gene on chromosome 9 encodes a 40 kDa
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transmembrane protein known as programmed
death ligand-1 (PD-L1). Natural killer cells, mac-
rophages, myeloid dendritic cells, B cells, epi-
thelial cells, and vascular endothelial cells are
all typical tissue cell types that contain it [5]. The
PD-1 (Programmed death receptor 1)/PD-L1 sig-
nalling pathway aids in helping tumours evade
the immune system, according to recent stud-
ies in various epithelial tumours, due to crosstalk
between PD-1 on tumour-infiltrating lymphocytes
(TIL) and PD-L1 in tumour cells [5]. Expression of
PD-L1 on their cells is a crucial defence mecha-
nism for tumours against the immune system [5].
Researchers have shown PD-L1 expression in
many types of cancer, including melanoma, renal
cell carcinoma, non-small cell lung cancer, col-
orectal cancer, gastric cancer, pancreatic cancer,
and types of breast cancers [6]. Therapies that
block PD-1/PD-L1 could be used to treat these
tumours [6]. However, little information exists
about how PD-L1 is expressed in breast cancer.
There are different opinions about how PD-L1
expression might affect the outcome of breast
cancer. Some studies say that PD-L1 is benefi-
cial [7-9], while others suggest its detrimental
role [10] or no effect at all [11]. The Ki67 protein
is usually found only in growing cells [12]. During
interphase, Ki67 is primarily found in the nucleo-
lar cortex, but during mitosis, it moves to where
the chromosomes are packed together [13, 14].

Aim

The study aims to evaluate the prevalence of
PD-L1 expression in TNBC cases and to correlate
it with clinicopathological parameters.

Material and methods

The study is a retrospective of 44 triple-negative
breast cancer cases. The samples were collected
as paraffin blocks from different laboratories in
Duhok city. PD-L1 expression was assessed with
an immunohistochemical method using Dako
kits, PD-L1 IHC 22C3 pharm Dx. PD-L1 expres-
sion was determined by combined positive score
(CPS), and the sample was considered posi-
tive if CPS was equal to or greater than 10 [15].
Patients who test PD-L1 positive are those whose
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tumours have a combined positive score (CPS)
of at least 10. A score ranging from 0 to 100 is
obtained by dividing the total number of PD-L1-
expressing tumour cells (TC), lymphocytes, and
macrophages by the total number of alive TC.
Study variables are; age, grades, types and stag-
es of cancer and lymph node status. SPSS 22
was used for the statistical analysis. Frequencies
and percentages were calculated for categorical
data. Mean, median, and standard deviation were
calculated for continuous data. Chi-square anal-
ysis was used to calculate the degree of correla-
tion between two variables. A significant p-value
is less than or equal to 0.05.

Results

The mean age of the patients was 47.7 years
(477 £ 14). 54.5% of the patients were in the
middle age group. 63.6% of the patients were in
grade Ill, most (88.6%) had invasive ductal car-
cinoma, and 75% were negative for PD-L1. 63.6%
of the patients had Ki-69 less than 20. 70.5% of
the patients were in stage T2, and 45.5% had N1
lymph node status. Table 1 shows the detailed
data. There is no significant association between
PD-L1 and age groups, grades, or types, as
shown in Table 2. There is no significant associa-
tion between PD-L1 status and stage. As shown
in Table 3, there is also no significant associa-
tion between PD-L1 status and lymph node sta-
tus. As shown in Table 4, there is a significant
association between PD-L1 status and the Ki-67
percentage score. 100% of patients with positive
PD-L1 expression had Ki67 more than 20, while
only 15.2% of patients with negative PD-L1 had
Ki67 more than 20.

Discussion

Most triple-negative breast cancers are highly
malignant tumours that affect young women. It
accounts for 10%—20% of all breast cancers [16,
17]. Because they proliferate quickly, they are usu-
ally found at a late stage when they are diagnosed
[3]. Chemotherapy drugs such as anthracyclines,
taxanes, ixabepilone, and platinum-based drugs
are currently used to treat these tumours, but no
single drug works well in all tumours [18]. There is



Table 1. Distribution of patients by age groups, grades, types and PD-L1 status.

Variables Frequency  Percentage

Young adult (less than 30) 12 273
Age (years) Middle age (30-59) 24 54.5
0ld (60 and more) 8 18.2

| 2 4.5
Grade Il 14 31.8
1] 28 63.6

Adenoid 1 2.3

Types Inflammatory breast carcinoma 4 9.1
Invasive ductal carcinoma 39 88.6
Negative 33 75.0
PD-L Positive 11 25.0
. <20 28 63.6
Ki-67 520 16 36.4
T1 5 1.4
Stages T2 31 70.5
T3 8 18.2
NO 13 29.5
N1 20 455
Lymph node status N2 9 205
N3 2 4.5

Table 2. Association between PD-L1 and (age groups, grades, types).

Variables PD-L1 P-value
Negative Positive
Young adult 8;24.3% 4;36.4% 06
Age groups  Middle age 18; 54.5% 6;54.5% ’
old 7,21.2% 1;9.1%
Total 33;100.0% 11, 100.0%
| 2,6.0% 0;0.0%
Grades 12; 36.4% 2;18.2% 0.31
1} 19; 57.6% 9;81.8%
Total 33;100.0% 11;100.0%
adenoid 1,3.1% 0;0.0%
Types IDC 32;96.9% 11,100 % 1.000
Total 33;100% 11;100%

P-value < 0.05 (significant).

Table 3. Association between PD-L1 and (stages, lymph node status).

PD-L1
Negative Positive
Stage T 3;9.1% 2;18.2%
T2 23;69.7% 8,72.7%
T3 7,21.2% 1,9.1%
Total 33;100.0% 11;100.0%
Lymph node status NO 10; 30.3% 3;27.3%
N1 12; 36.4% 8, 72.7%
N2 9;27.3% 0;0.0%
N3 2;6.0% 0;0.0%
Total 33;100.0% 11;100.0%

P-value = 0.5 (not significant).
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Table 4. Association between PD-L1 and Ki67.

Variables P-value
Negative Positive
<20 28;84.8% 0;0.0%
KI67 >20 5;15.2% 11;100.0% 0.0001
Total 33;100.0% 11, 100.0%

P-value <0.05 (significant).

much variation in how PD-L1 immunohistochem-
istry assays are performed and interpreted in the
literature. H scores, 1% cut-offs, and graded scor-
ing systems (0-3) are commonly used to measure
PD-L1 expression in tumours [5, 11, 18, 19]. People
have used 5% as a cut-off to see if PD-L1 is pres-
ent in the tumour microenvironment [11, 19]. More
extensive studies are needed to identify the opti-
mal cut-off value and the antibody to use as a gold
standard [20]. The presence of PD-L1 in tumours
was observed to correlate with a higher Ki-67 pro-
liferation index [p = 0.017]. Further life expectancy
studies should confirm this finding [5, 7]. o corre-
lation was observed between PD-L1 expression in
the tumour or tumour microenvironment and age,
tumour size, tumour grade, lymph node metasta-
sis, the presence of Lymphovascular invasion (LVI)
or Ductal Carcinoma In-situ (DCIS), recurrence, or
metastatic status. However, PD-L1 expression
in tumours has not been associated with these
factors (age, tumour size, tumour grade, lymph
node metastasis, the presence of Lymphovas-
cular invasion (LVI) or Ductal Carcinoma In-situ
(DCIS), recurrence, or metastatic status) in sev-
eral studies [5, 7, 11, 19, 21]. Triple-negative breast
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expression by tumour cells.

cancer is a tumour type with no targeted treat-
ment; new treatment options are needed. PD-L1
in and around these aggressive tumours may be
a reason to treat them with anti-PD-L1 therapies
(PD-L1 monoclonal antibodies) [20].

Conclusion

Most TNBC patients are in the middle age group
and have grade lll. Therefore, this study's low
prevalence of PD-L1 positivity may be related to
the high CPS cut-off.
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ABSTRACT

Determining the time of death plays a crucial role in a forensic post-mortem examination. Many methods
for the time of death (TOD) determination have been developed. However, most are not applicable during the
first hours after death and produce large post-mortem interval (PMI) ranges. Eye examination makes it pos-
sible to precisely determine the time of death during the initial period after death with half-hour accuracy. In
recent years methods for estimating the time of death by measuring the changes in the eye have made great
strides. Those methods use the changes in the reaction to drugs and macroscopically visible morphological
changes. Experimental studies also produced equations that can estimate the post-mortem interval using
biochemical, electrochemical and thermal changes within the eye.

Introduction

Forensic eye examination has long played a key
role in post-mortem diagnostics [1]. Its location
makes it easy to collect samples which are used
for, among other things, toxicological analysis
[2]. Studies have shown that some xenobiotics
(e.g. alcohol) penetrate the blood-retinal barrier
allowing their detection when a blood sample is
impossible to obtain [3]. In recent years methods
for determining the time of death (TOD) using eye
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examination have been developed. Accurately
estimated TOD is crucial in forensic medicine,
both to criminal (finding suspects, verifying alibi)
and civil law (timelines for multiple deaths and
inheritance) [4—6]. Known methods for determin-
ing TOD using post-mortem changes in remains
(algor mortis, rigour mortis, and livor mortis)] are
imprecise and are uncertain during the first 4—6 h
after death due to effect of environmental factors
(e.g. temperature and humidity) [6, 7]. An in-depth



eye examination allows for determining TOD
accurately with even half-hour accuracy [4].

Pharmacological methods

The oldest and least precise methods rely on
measuring the change in pupil diameter before
and 10 minutes after applying 2% pilocarpine or
1% atropine drops to the eye [8, 9]. Depending on
source, the reaction can be observed up to 15 h [9]
or even 21 h [8] post-mortem. The determination
may either observe if the reaction has occurred
or measure the change and apply it to an experi-
mentally obtained linear regression equation
that estimates post-mortem interval (PMI) [8,
9]. Changes are expressed in millimetres and
estimated PMI in hours. Equations have limited
applicability as they can only be used up to 8 h
after death (see Table 1) [9]. Some studies chal-
lenge the efficacy of using atropine, pilocarpine
or combined atropine and pilocarpine drops in
TOD determination [10].

Morphological changes

Due to post-mortem degeneration of the endothe-
lial barrier and changes in cornea hydration, it
becomes opaque [11]. Weather conditions influ-
ence when full opacity is reached: high humidity
and temperature accelerate process [12]. Due to
this effect, full opacity is reached from 24 h (high
temperature and humidity) to over 36 h (low tem-
perature) [12]. Historically this method was sub-
jective and required visual cornea assessment,
but in recent years Al algorithms to estimate PMI
based on pictures have been developed [13, 14].
Algorithms automatically identify corneal and
non-corneal areas of interest in a picture and
calculate values of colour and texture required

to produce a prediction [13, 14]. For example,
a computer program that classified subjects into
six-hour time intervals from 0 to 72 h had an accu-
racy of <3 h when used <36 h post-mortem and
6-8 h when used >36 h post-mortem (see Table 1)
[14]. In addition, there have been attempts to use
measurements of corneal thickness or opacity of
the non-corneal areas of the eye to predict PMI
[11, 15]. Also, changes occurring in the lens after
death can be used to predict PMI in the range of
24-96 h [16]. For this purpose, the assessment of
opacity and sphericity changes and histological
examination of the prepared lens are used [16].
The use of optical coherence tomography
(OCT) in the post-mortem examination of the eye
creates new possibilities for determining PMI by
the possibility of assessing almost all anatomical
structures of the eye [15]. The analysis of chang-
es co-occurring in most of the anatomical struc-
tures of the eye (sclera, cornea, anterior chamber,
retina) in the first 72 hours after death and look-
ing for typical signs (Nioi-Napoli sign — waves on
the posterior part of the cornea) could allow pro-
viding the approximate PMI in a non-invasive way
in future [15]. The corneal OCT examination pro-
vides the most information on the time of death,
but it is affected by the position of the eyelids
post mortem and environmental factors [17].

Biochemical changes

Potassium concentration in the vitreous humour
(VH) is a biochemical marker with the stron-
gest correlation with PMI [18]. After death trans-
port of potassium stops, and ion leaks out from
inside cells into VH in a linear manner up to 100 h
post-mortem [18]. The usefulness of this bio-
marker is limited to 120 h. Many factors limit effi-
cacy by influencing potassium concentration:
age, method and manner of death, ambient tem-

Table 1 Comparison of methods of assessing the time of death(TOD) with the use of eye examination.

Pilocarpine 1% Corneal opacity VH Potassium Eye

/ Atropine 2% algorithms concentration temperature
Application 15-21° 120 10
(h post-mortem) 8"
Accuracy (h) 2.5° <3 (PMI < 36) 1-10° 0.5

6-8 (PMI > 36)

a - For nominal results; b = For equation (pilocarpine 2%); ¢ — Dependent on the PMI.
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perature, renal insufficiency, carbon monoxide
or methanol poisoning [18, 19]. This method has
been investigated extensively. Therefore, there
are many equations available to calculate PMI[19,
20]. Scientific literature provides multiple linear
and nonlinear equations that also include coef-
ficients for ambient temperature [20]. Accuracy
can be one h for short PMI and up to 10 h with
PMI 110 h [21]. It is also postulated to use the
PMI determination method to assess changes in
potassium concentration in the VH of the eye over
a more extended period using a nonlinear mod-
el adjusted to ambient temperature and age [19].
Attempts to use other ions to estimate PMI during
the first hours after death have not produced con-
clusive results yet and require further investiga-
tions [20, 22]. The changes in sodium and chlorine
ion levels can barely be used for PMI estimation
in the initial time after death. However, there are
noticeable decreases days after death [23]. The
concentrations of sodium and chloride ions in the
VH are closely related to the electrolyte balance
before death and influenced by the environment
(especially in bodies immersed in water) [23]. The
electrolyte balance and environmental factors
should be accounted for when assessing changes
in their concentration after death as they may be
used to predict the cause of death (e.g. differen-
tiation between freshwater and saltwater drown-
ing, electrolyte derangements before death) [23].
Changes in the concentrations of magnesium,
calcium and phosphorus ions in the vitreous
body after death were also noted, but their use
in PMI assessment requires further research [20,
24]. The studies showed no differences between
the concentrations of ions between the eyeballs
of the corpse and an imperceptible effect of the
technique of collecting the VH sample on the
results of the examination, which makes the col-
lection of a small amount of VH from one eye suf-
ficient material for analysis [25].

Lactate and hypoxanthine have been identi-
fied as potential biomarkers for estimating TOD.
However, limited attempts are yet to produce
some definite results. Post-mortem lactate dif-
fuses through the retina, gradually increasing its
VH concentration [26]. Based on experimental
research, a linear regression equation was cre-
ated that correlated lactate to time post-mortem,
which suggests a reverse equation is also pos-
sible [26]. Depending on the source, hypoxan-
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thine increases in VH linearly up to 120 h [18] or
nonlinearly [27]. A double source of hypoxanthine
may trigger the above: degradation of AMP and
diffusion [18]. Perimortem ambient temperature
affects changes in lactate and hypoxanthine.
High temperature accelerates increase, while low
slows it down [28]. Currently, research studies are
also conducted using the identification of pep-
tides and changes in their concentrations using
mass spectrometry to determine the PMI [29].

Eye temperature measurements

Determining TOD based on the core tempera-
ture measured, e.g. in the anus, is well known
and has been used in forensic medicine for years
[8, 30]. However, numerous limitations influence
the method's accuracy [6]. Among them are the
influence of body weight, clothes worn, and body
position [7]. Moreover, core temperature mea-
surement in the anus is contraindicated in excep-
tional cases, e.g. in the event of sexual assault [5].
Additionally, accuracy is limited during the first
4-6 hours post-mortem [5, 6, 31] and results from
the temperature plateau effect (TPE) that appears
right after death [31]. TPE is the body maintaining
a constant core temperature or its slight decrease
within error margins [7]. It is caused by tissue
residual anaerobic metabolism and the ability to
store heat [6, 31]. Moreover, core post-mortem
temperature may also be influenced by pre-mor-
tem conditions, e.g. hypothermia or some drugs
[37]. A novel method to address TPE is measuring
temperature within the eyeball. It is possible due
to the homogeneous structure of the eye filled
with VH, of which temperature corresponds to the
temperature within the skull [7]. Corneal temper-
ature is highly dependent on ambient tempera-
ture. Therefore it is not considered in TOD deter-
mination [5]. Studies have shown no temperature
plateau in VH in the first hours after death. On
the contrary, the temperature drops within min-
utes after death [7], thus allowing a supplement
method of core temperature measurement when
its usage is limited, i.e. during the first hours after
death [6]. Studies on animal (canine, swine) and
human models show this method to have 30 min
accuracy (see Table 1) [4, 5, 7, 32]. Furthermore,
measurement is minimally invasive and does not
leave noticeable marks on the body, requiring



a thin probe to be inserted approximately 20 mm
into the eyeball [5, 6]. Another advantage of this
approach is the complete lack of interference
from deceased bodyweight and clothes, although
the possible effect of haircoat requires addition-
al investigation [4, 5]. New models and calcula-
tors that allow for fast and precise determination
of TOD with the accuracy of minutes have been
developed recently [33, 34].

Conclusions

Accurate TOD determination plays a key role dur-
ing investigations and court proceedings; for
example, assessing the reliability of testimonies,
confirming or disproving alibis and ascertain-
ing timelines of deaths. Unfortunately, classi-
cal methods for TOD determination had limited
applicability during the first few hours after death
and limited accuracy. Developing novel methods
based on eye examination could help solve those
problems. Additional studies on larger data sets
are necessary to fine-tune equations and com-
putational models. The efficacy of using multiple
methods to produce even more accurate predic-
tions should also be assessed.
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