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ABSTRACT
BACKGROUND: The determination of time since death is of significant legal importance, because the findings of investigation 
of a crime against the life and health largely depends on the successful resolution of this issue. The determination of time 
since death becomes particularly significant in cases where the death circumstances are not evident and the cadaver is examined 
in the late postmortem period. Without conclusive evidence of a non-violent death, investigators assume homicide; the exact 
death time since death serves to narrow the options and confirm or refute this assumption. The putrefaction complicates 
the  forensic examination, limiting the accuracy of answers to the investigator's questions and requiring the new objective 
expert criteria search.
AIM: To assess changes in electrical conductivity of synovial fluid of knee joints at the stage putrefaction with mathematical 
description of the revealed changes on the basis of a multilayer perceptron to substantiate the prospects of determining 
the time since death by conductometric method. 
MATERIALS AND METHODS: Conductometric properties of synovial fluid of knee joints of 103 cadavers who died of various 
causes at the age of 20–87 years were studied. The study was performed in the late postmortem period (up to 10 days). The time 
since death was established comprehensively considering medical, forensic and investigative data. The electrical conductivity 
was measured using AKIP RLC 6109 measuring system, with an error of 0.1%, at frequencies of 0.1 kHz, 1 kHz, and 10 kHz. 
RESULTS: Electrical conductivity of synovial fluid at 100 Hz and 1 kHz was found to depend significantly on the time since death. 
The optimal mathematical model describing this correlation is a second degree polynomial. A model with a 2-5-1 multilayer 
perceptron architecture is also presented with an error that does not exceed the set limit (reliability >95%). 
CONCLUSIONS: Conductometric analysis of synovial fluid of cadavers’ knee joints in the late postmortem period allows to reliably 
detect changes in its electrical conductivity determined by the time since death. These changes can serve as a mathematical 
model basis for calculating the time since death in the late postmortem period. The most accurate predictions are provided 
by model No. 2 with a 2-5-1 multilayer perceptron architecture, making it the most suitable for this task. 
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АННОТАЦИЯ
Обоснование. Точность определения давности наступления смерти человека имеет существенное юридическое зна-
чение, поскольку от успешности решения этого вопроса во многом зависит исход расследования преступления против 
жизни и здоровья граждан. Особую актуальность вопрос определения давности наступления смерти приобретает в тех 
случаях, когда она наступила в условиях неочевидности, а мёртвое тело исследуют в позднем посмертном перио-
де. При отсутствии убедительных доказательств ненасильственной смерти сотрудники следственных органов исходят 
из версии убийства неизвестными лицами, а точное время смерти помогает сузить круг расследования и подтвердит 
или опровергнуть эту версию. Однако гнилостная биотрансформация мёртвого тела затрудняет работу судебно-ме-
дицинского эксперта, снижая точность ответов на вопросы следователя, что требует поиска новых объективных экс-
пертных критериев.
Цель исследования — изучить изменения удельной электропроводности синовиальной жидкости коленных суставов 
трупа при развитии его гнилостной трансформации с математическим описанием выявленных изменений на основе 
модели многослойного перцептрона для обоснования перспективности определения давности наступления смерти 
кондуктометрическим способом. 
Материалы и методы. Исследованы кондуктометрические свойства синовиальной жидкости коленных суставов 
103  трупов лиц, умерших в возрасте 20–87 лет по различным причинам. Анализ проводили в позднем посмерт-
ном периоде (до 10 сут). Давность наступления смерти устанавливали комплексно с учётом медицинских, судебно- 
медицинских и следственных данных. Измерение электропроводности проводили с помощью портативного измерите-
ля параметров «АКИП RLC 6109» с погрешностью 0,1% при частотах 100 Гц, 1 и 10 кГц. 
Результаты. Установлено, что удельная электропроводность синовиальной жидкости при частотах 100 Гц и 1 кГц 
достоверно зависит от давности смерти. Оптимальная математическая модель, описывающая данную взаимосвязь, — 
полином второй степени. Также предложена модель с архитектурой многослойного перцептрона 2-5-1, обеспечиваю-
щая расчёт с погрешностью, не превышающей установленного в работе предела (достоверность >95%). 
Заключение. Кондуктометрический анализ синовиальной жидкости коленных суставов трупа в позднем постморталь-
ном периоде позволяет достоверно выявлять изменения её удельной электропроводности, обусловленные временем, 
прошедшим с момента смерти. Эти изменения могут служить основой для математической модели расчёта давности 
наступления смерти в позднем посмертном периоде. Наиболее точные предсказания обеспечивает модель № 2 с ар-
хитектурой многослойного перцептрона 2-5-1, что делает её наиболее пригодной для решения данной задачи. 

Ключевые слова: электропроводность; синовиальная жидкость; коленный сустав; давность наступления смерти; 
поздний посмертный период; математическая модель; многослойный перцептрон.
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简介简介

理由。理由。确定一个人死亡发生时间的准确性具有重要的法律意义，因为对危害公民生命和健康

罪的调查结果在很大程度上取决于这一问题是否能够成功解决。当死亡发生在不明显的条件

下，在晚期死后进行尸体检查时，确定死亡发生时间的问题就具有特别的重要性。在没有确

凿的非暴力死亡证据的情况下，调查人员从不明身份者谋杀的判断出发，而准确的死亡时间

有助于缩小调查范围，并将证实或推翻这一判断。尸体腐烂的生物转化加大了法医专家的工

作难度，降低了对调查员问题回答的准确性，需要寻找新的客观鉴定标准。

研究目的。研究目的。研究尸体膝关节滑液在腐烂转化过程中比电导率的变化，并基于多层感知器模型

对检测到的变化进行数学描述，以通过电导法论证确定死亡时间的明晰度。 

材料和方法。材料和方法。对103具20~87岁因各种原因死亡的尸体膝关节滑液的电导特性进行研究。在晚

期死后（10天内）进行了分析。根据医学、法医和调查数据综合确定死亡发生的时间。使用

便携式参数计“AKIP RLC 6109”在100 赫兹、1和10 千赫兹频率下，测量了电导率，误差

为0.1%。 

结果。结果。证实，100赫兹和1千赫兹频率下滑液的单位电导率准确地取决于死亡时间。描述这种

关系的最佳数学模型为二次多项式。此外，提出了一种具有2-5-1多层感知器架构的模型，

提供的计算误差不超过作业中设定的极限（准确性>95%）。 

结论。结论。晚期死后尸体膝关节滑液的电导测定分析可以可靠地检测其单位电导率随死亡发生时

间推移的变化。这些变化可以作为计算晚期死后死亡时间的数学模型的理由。具有2-5-1多

层感知器架构的模型2提供了最准确的预测，使其更适合解决这类问题。 

关键词：关键词：导电率；滑液；膝关节；死亡发生时间；晚期死后；数学模型；多层感知器。
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BACKGROUND
Accurate estimation of the time since death 

is a critical task in forensic medical examinations and falls 
under the professional responsibility of medical experts. 
This process relies on analyzing biological changes that follow 
a predictable sequence in the body during the early and late 
postmortem periods. The precision of such estimates carries 
substantial legal importance, as it can significantly influence 
the outcome of investigations into crimes against life 
and health. This issue becomes particularly relevant when 
death occurs under unclear circumstances and the body 
is examined during the late postmortem period  [1–3], 
often after a considerable delay. In the absence of definitive 
evidence indicating a nonviolent death, investigative 
authorities often presume homicide, suspecting criminal intent 
by unknown individuals. Accurate determination of the time 
of death substantially facilitates evidentiary work, enabling 
the confirmation or rejection of such hypotheses  [4–6].  
However, putrefactive transformation significantly limits 
the diagnostic capabilities of forensic experts, complicating 
the accurate estimation of the postmortem interval  [7]. This 
highlights the need for new, reliable expert criteria to enhance 
the objectivity of forensic investigations.

Current scientific articles identify the synovial fluid of large 
joints as a promising substance for studying postmortem 
changes in the late period. A method has been developed 
for its analysis under putrefactive conditions, based 
on assessing the time since death through optical density 
measurements of synovial fluid [6, 7]. However, this method 
has limitations related to the use of photocolorimeters, 
which are stationary and unsuitable for field application 
when examining bodies at the site of discovery. Additionally, 
the results are dependent on the quality of the reference fluid 
(distilled water), which can affect the accuracy of instrumental 
readings and, consequently, the reliability of postmortem 
interval estimation.

In contrast, we argue that measuring the electrical 
conductivity of fluid does not present these limitations. It can 
be applied in any setting, including on-site body inspections, 
due to the availability of portable conductometers. Moreover, 
this equipment is relatively inexpensive and requires minimal 
training, facilitating its rapid adoption in forensic practice. 
Conductometry is an objective, quantitative method with high 
sensitivity for detecting changes in biological fluids and has 
already proven effective across multiple fields of medical 
diagnostics [8].

Based on the above, we hypothesize that conductometric 
analysis can enhance the accuracy and objectivity of estimating 
the time since death during the late postmortem period, 
which forms the basis of this study.

AIM
The work aimed to study changes in electrical 

conductivity of synovial fluid of knee joints of a cadaver 

during the development of its putrefaction with mathematical 
description of the revealed changes on the basis of a multilayer 
perceptron to substantiate the prospects of determining 
the time since death by conductometry.

METHODS

Study Design
This was an experimental, unblinded, single‑center, 

prospective, non-controlled, sampling study. The conductometric 
properties of synovial fluid from the knee joints of 103 cadavers 
aged 20 to 87 years, who had died from various causes, were 
examined at different intervals during the late postmortem 
period.

The time since death was established comprehensively 
considering medical, forensic and investigative data.

Eligibility Criteria
Inclusion criteria: forensic medical examinations 

of cadavers in the late postmortem period (up to 10  days), 
where the time since death was morphologically verified 
through analysis of the extent of postmortem changes, 
supplemented by additional case information.

Exclusion criteria: cases involving forensic medical 
examinations of cadavers without signs of late postmortem 
changes, or with such signs present but lacking reliable data 
on the time of death.

Study Setting
The study was conducted at the State Budgetary 

Healthcare Institution of the Republic of Bashkortostan 
Bureau of Forensic Medical Examination under the Ministry 
of Health of the Republic of Bashkortostan.

Study Duration
The study was conducted between 2022 and 2024.

Intervention
Synovial fluid was obtained via standard needle aspiration 

of the knee joint through traditional anatomical access 
points [9] using a sterile single-use 5.0-mL medical syringe. 
To ensure consistent measurement conditions, the syringe 
containing the sample was placed in a thermostat at 25°C 
to stabilize the temperature. After 30–45  minutes, the fluid 
was transferred into a special cell designed for electrical 
conductivity measurements. Conductivity was measured 
using the portable RLC meter AKIP-6109® (Analytical Control 
and Measuring Instruments, Russia), which was connected 
to a computer via USB interface. The device is registered 
in the national registry of measuring instruments 
and certified for compliance; it enables measurement 
of resistance, impedance, reactance, capacitance, 
and inductance with an accuracy of 0.1% at frequencies 
ranging from 0.1 to 10 kHz.
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Main Study Outcome
Electrical conductivity values of synovial fluid from cadaver 

knee joints were obtained during the late postmortem period. 
Measurements were performed at three sinusoidal current 
frequencies: 100  Hz, 1  kHz, and 10  kHz. Regular patterns 
of change in specific electrical conductivity as a function 
of time since death were identified. Mathematical models 
were developed to describe this relationship, enabling more 
accurate estimation of the postmortem interval.

Subgroup Analysis
To achieve the study objective, no subgroup division or 

analysis was performed.

Outcomes Registration
The primary method for recording outcomes was logging 

the specific electrical conductivity values into a Microsoft 
Excel® database (Microsoft Office®, Microsoft Corp., USA). 
We also performed initial data processing as per standard 
statistical protocols recommended for biological and medical 
research  [10]. Mathematical modeling was conducted using 
Statistica 10.0® software (Statsoft, Dell Inc., USA). 

Ethics Approval
The study was approved by the Local Ethics Committee 

of the Federal State Budgetary Educational Institution 
of Higher Education Bashkir State Medical University, Ministry 
of Health of the Russian Federation (Protocol No.  3, dated 
February 26, 2020).

Statistical Analysis
The principles of samples size calculating: The samples 

size was not calculated previously.
Statistical data analysis methods: Classical statistical 

methods were used, including calculations of mean, 
standard deviation, and standard error of the mean  [10]. 
Mathematical modeling employed neural network functions 
based on a multilayer perceptron in Statistica 10.0® (Statsoft, 
Dell Inc., USA).

RESULTS

Participants
The study analyzed synovial fluid extracted from the knee 

joints of 103  cadavers of both sexes, aged 20  to  87  years, 
who had died from various causes.

A key characteristic of the cadavers was the duration 
of the postmortem interval (time since death, TSD):
•	 ≤ 24 hours: 43 cases; 25–48 hours: 17 cases; 49–72 hours: 

12 cases;
•	 73–96  hours: 6  cases; 97–120  hours: 13  cases;  

121–144 hours: 1 case; 145–168 hours: 7 cases;
•	 169–192 hours: 2 cases; 217–240 hours: 2 cases.

Primary Results
The results showed that specific electrical conductivity 

of synovial fluid at 100 Hz and 1 kHz correlates significantly 
with the time since death and is independent of other variables. 
It is noteworthy that the relationship between the specific 
electrical conductivity of synovial fluid and the duration 
of the postmortem interval is most accurately described 
by second-degree polynomial models.

•	 At 100 Hz:
, (1)

where λ100 is the specific conductivity at 100 Hz (S·m-1 × 10-1), 
TSD is time since death (days); r = 0.93, p = 0.01.

•	 At 1 kHz:

, (2)

where λ1k​ is the specific conductivity at 1 kHz (S-1 × 10-1), TSD 
is time since death (days); r = 0.95, p = 0.01.

Furthermore, models based on a 2-5-1 multilayer 
perceptron (MLP 2-5-1) architecture can reliably calculate 
the time since death based on the specific electrical 
conductivity of synovial fluid from the knee joint. The resulting 
estimation falls within a margin of error with >  95% 
confidence [10], as defined by the inequality:

, (3)

where TSD is the true time since death (days), and TSDa 
is the estimated time since death (days) calculated using 
the multilayer perceptron–based mathematical model.

The full mathematical expression of the MLP 2-5-1 model 
is not disclosed in this article, as it is the subject of a pending 
patent application currently under review by the Federal 
Institute of Industrial Property.

Secondary Results
No secondary findings relevant to the study objective 

were obtained.

Adverse Events
No adverse events were observed during this study.

DISCUSSION

Summary of Primary Results
This study substantiates the feasibility of using synovial 

fluid electrical conductivity from cadaver knee joints 
as a forensic criterion for estimating the time since death. 
The changes in this biophysical parameter during the late 
postmortem period (up to 10 days) can be reliably described 
using second-degree polynomial equations corresponding 
to current frequencies of 100 Hz (1) and 1 kHz (2).
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Fig. 2. Polynomial trends of the dynamics of specific electrical conductivity of synovial fluid in the postmortem period at current frequencies of 100 Hz (a) 
and 1 kHz (b). TSD, time since death.
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Using an artificial neural network, a predictive model 
(Model No. 2) with an MLP 2-5-1 architecture was developed 
to estimate the time since death based on the specific 
electrical conductivity of synovial fluid. Its accuracy was 
verified by comparing calculated predictions with verified 
postmortem intervals.

Discussion of Primary Results
The changes in the specific electrical conductivity 

of synovial fluid over the 10-day postmortem interval were 
statistically significant (p  <  0.001) at current frequencies 
of 100 Hz and 1 kHz, but not at 10 kHz (Fig. 1). These changes 
were time-dependent and can be utilized to estimate the time 
since death.

To visualize trends in the changes of synovial fluid 
specific electrical conductivity relative to the duration 
of the postmortem interval, constructing trend lines 
is the most appropriate approach. This provides an additional 

means of expressing the observed changes as mathematical 
equations. The analysis demonstrated that these changes are 
most accurately represented by equations based on second-
degree polynomial relationships between the studied 
parameters (Fig. 2).

Second-degree polynomials describing the correlation 
between the postmortem interval and the specific electrical 
conductivity of synovial fluid are presented in Equations (1) 
and (2).

Artificial neural networks were applied to identify key 
predictors and construct models. These networks are 
mathematical models, along with hardware and software 
implementation; they simulate biological neural systems 
and are effective for revealing complex data relationships.

To facilitate the selection of activation functions 
for the neural network, a scatterplot was constructed 
to illustrate the relationship between time since death 
and specific electrical conductivity at current frequencies 
of 100  Hz and 1  kHz (Fig.  3). Analysis of the scatterplot 
suggests that most activation functions are suitable for final 
perceptron output, including:
•	 identity
•	 hyperbolic
•	 exponential.

Five models were trained, one with an MLP 2-9‑1 
architecture (Model No.  1) and four with MLP 2-5-1 
architecture (Models No. 2–5).

Model No.  2, based on the MLP 2-5-1 architecture, 
showed the highest performance on the training set (0.980), 
trained with the BFGS (Broyden–Fletcher–Goldfarb–Shanno) 
second-order algorithm over 52 iterations.

 The output neuron activation function was hyperbolic. All 
models demonstrated equal performance on the validation 
set (0.930). In the training set, the training error was lower 
(0.103), while in the validation set it increased by 0.003. Model 
No. 4, also based on the MLP 2-5-1 architecture and trained 

Fig. 1. Changes in the specific electrical conductivity of synovial fluid 
of the knee joints of a human corpse over 10 days at three current 
frequencies; 100 Hz, 1 and 10 kHz. TSD, time since death.
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using the second-order BFGS algorithm (23  iterations), 
demonstrated the best performance on the validation set, 
with a hyperbolic activation function for the output neurons. 
However, Model No.  2 showed the lowest error on the test 
set (0.063). Thus, Model No. 2 delivered the highest accuracy 
for estimating the time since death based on cadaver knee 
joint synovial fluid conductivity: 98.0%, 99.3%, and 98.8% 
(p  <  0.05), making it the most suitable model for forensic 
use. The structure and descriptive statistics of Model No. 2 
based on the MLP 2-5-1 architecture are presented in Table 1 
and Table 2, respectively.

Fig. 3. Scatter plot illustrating the dependence of the time 
since on the specific conductivity at current frequencies of 100 Hz 
and 1 kHz. TSD, time since death.
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Table 1. The weights in the structure of model No. 2 with the architecture 
of a multilayer perceptron 2-5-1

Connection Weight values

X01k → hidden neuron 1 −1.60556

X1k → hidden neuron 1 −0.8682

X01k → hidden neuron 2 −1.72512

X1k → hidden neuron 2 0.29258

X01k → hidden neuron 3 1.71824

X1k → hidden neuron 3 0.53656

X01k → hidden neuron 4 5.9973

X1k → hidden neuron 4 6.47249

X01k → hidden neuron 5 0.9848

X1k → hidden neuron 5 −1.13822

Bias → hidden neuron 1 −0.32826

Bias → hidden neuron 2 0.05079

Bias → hidden neuron 3 −1.52135

Bias → hidden neuron 4 –3.25862

Bias → hidden neuron 5 0.55719

Hidden neuron 1 → Time Since Death (days) −0.54822

Hidden neuron 2 → Time Since Death (days) 0.26344

Hidden neuron 3 → Time Since Death (days) 0.28115

Hidden neuron 4 → Time Since Death (days) 0.22141

Hidden neuron 5 → Time Since Death (days) –0.07299

Hidden Bias → Time Since Death (days) 0.30003

Table 2. Descriptive statistic of model No. 2 with the architecture of a multilayer perceptron 2-5-1

Sample Variants X01k X1k Time Since Death, days

Minimum value (training set) 0.139 836 0.189 524 1

Maximum value (training set) 3.371 541 3.569 507 10

Mean value (training set) 0.585 607 0.868 022 3.014 29

Standard deviation (training set) 0.479 766 0.605 873 2.274 58

Minimum value (validation set) 0.123 623 0.183 834 1

Maximum value (validation set) 3.495 901 3.737 089 10

Mean value (validation set) 0.630 112 0.860 494 2.8

Standard deviation (validation set) 0.832 917 0.910 015 2.541 09

Minimum value (test set) 0.181 489 0.221 111 1

Maximum value (test set) 2.075 426 1.975 186 8

Mean value (test set) 0.532 192 0.721 428 2.266 67

Standard deviation (test set) 0.344 573 0.480 98 1.311 12

Minimum value (total set) 0.123 623 0.183 834 1

Maximum value (total set) 3.495 901 3.737 089 10

Mean value (total set) 0.584 271 0.844 903 2.87

Standard deviation (total set) 0.538 828 0.641 749 2.272 61

Note. X01k and X1k, input; time since death, target.
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Fig. 5. Surface diagrams of the original data (a) and the data obtained using model No. 2 with the architecture of a multilayer perceptron 2-5-1 (b).  
TSD, time since death.
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This model demonstrates a strong correlation (p ≥ 0.95) 
between target and output values of postmortem interval 
(Fig. 4a). The residuals (see Fig. 4b) and standardized residuals 
(see Fig. 4c) also confirm its consistency with the initial data.

Fig. 5 provides a surface plot that illustrates consistency 
between the initial and calculated data for Model No. 2.

The accuracy of estimating time since death based 
on the specific electrical conductivity of synovial fluid in cadavers 
undergoing putrefactive changes was evaluated by comparing 
predicted values with reference postmortem intervals 
established through a comprehensive assessment of all data 
available to the forensic medical expert. Inequality  (3) was 
derived to define the confidence interval boundaries within which 
the time since death values predicted by Model No. 2 with an MLP 
2-5-1 architecture fall with a probability greater than 95%. These 
results are graphically displayed in Fig. 6.

Study Limitations
Because cadavers were examined during the late 

postmortem period, it was not possible to determine the exact 
time since death to the hour or minute. Nevertheless, we 
aimed for the highest attainable accuracy by integrating 
objective data from official sources and forensic examination 
results to establish control postmortem intervals.

Additionally, no a priori sample size calculation was 
performed to ensure statistical power, which limits 
the representativeness of the findings. Therefore, the results 
of this study cannot be generalized to the broader population 
beyond the studied sample.

CONCLUSION
Conductometric analysis of synovial fluid from the knee 

joints of cadavers during the late postmortem period reliably 
detects changes in specific electrical conductivity that directly 
correlate with time since death.

We believe that the developed study algorithm 
and the multilayer perceptron–based model, upon official 
registration with the Federal Service for Intellectual Property, 
can be successfully implemented as an adjunctive method 
for estimating the postmortem interval within 10  days 
of death.
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Fig. 6. Error limits of the method for determining the time of death using 
model No. 2 with the architecture of a multilayer perceptron 2-5-1.
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