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ABSTRACT

The structural alterations in the nephron, which form the functional unit of the kidney, are closely related to chronic kidney
disease (CKD) progression. The cross-sectional design was used, and the healthy individuals and patients with CKD in
stages 1-3 participated. The structure of nephrons was determined by non-invasive imaging (ultrasound and Computed
Tomography, CT), and biopsies were performed when needed. Clinical data such as serum creatinine and estimated
glomerular filtration rate (¢GFR) were taken to be able to correlate structural changes with the kidney function. The
findings showed that there is substantial structural damage in early stages of kidney disease, where glomerulosclerosis
and tubular atrophy were present in 5% and 10% of the participants at mild stages, respectively. The higher the disease
severity, the higher the percentage of affected persons by 35% of the glomerulosclerosis and 50% of the tubular atrophy.
In severe CKD, nephron size has reduced to 120 pm compared to the normal kidney of 150 pum. There was also no
interstitial fibrosis in normal kidneys, but in 8% of mild cases of the disease and 45% of severe disease. It was found that
the nephron structural changes were strongly correlated with the markers of kidney function, which indicates that early
changes in the nephron could be used to be reliable biomarkers to diagnose CKD at the early stages. These results highlight
the significance of the nephron structural analysis in the early detection and management of kidney disease.
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1. INTRODUCTION

The most significant role is that the nephron, which is
the functional unit of the kidney, helps in the process of
regulating body fluids, waste filtration, and blood
pressure. The kidneys have approximately one million
nephrons, which are made up of the glomerulus, the

proximal tubule, the loop of Henle, the distal tubule, and
the collecting duct. These are vital structures that are
vital in renal functioning, and their malformation may
result in severe dysfunction of the kidney [1]. Nephron
damage, especially ageing, also leads to kidney disease
progression [2]. Reductions in nephron number during
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old age were associated with reductions in kidney
functioning [3]. Chronic kidney disease (CKD) is
believed to be influenced by structural changes that
include glomerulosclerosis, tubulointerstitial fibrosis,
and alteration of the glomerular filtration barrier [4].
Imaging technologies have made possible a more in-
depth examination of the nephron structure, and this has
given essential information on nephron pathophysiology
and provided an opportunity to detect the disease earlier
[5]. Imaging methods, like renal MRI, give useful
information about the changes in glomeruli and tubules,
which allows for to detection of kidney disease at its
early stages, when it still does not affect its functions [6].
Non-invasive imaging modalities have created an
opportunity to detect nephron-related diseases ecarlier
and more accurately, which will ultimately result in the
management of kidney disease being so more effectively
[7]. Nephron structure is an important factor in kidney
functioning and in kidney damage adaptation. The
changes in the structure of nephrons may serve as early
biomarkers, and intervention may be done before a
significant amount of renal damage is caused [8]. In spite
of these developments, there still exists a gap in the
application of these techniques in clinical practitioners,
especially at the initial stages of the kidney disease [9].
Whereas the loss of nephrons and structural alterations
have been broadly observed in ageing kidneys, the
relationship between structural alterations in the kidney
at the onset of kidney disease has not been fully
investigated [10]. We do not have clinically relevant
biomarkers which could consistently identify early
nephron damage. Moreover, even though imaging
techniques that include MRI and CT scans have
achieved great milestones in visualising the structure of
nephrons, they are not extensively applied in clinical
settings to diagnose them at an early stage [11]. The
current literature is more inclined to end-stage kidney
disease, and the loss of nephrons is more severe, and the
functional impairment is observed [12]. This focus on
late-stage disease has resulted in a poorly explored
possibility of structural variations to play a prognostic
biomarker role in early kidney disease. The correlation
between changes in nephron and kidney performance
during such early stages is still not clear, leading to a
lack of diagnosis of kidney disease before the
development of severe renal damage [13]. The difficulty
of transferring the results of experimental research to
practical use in clinical care, where the structure of the
nephrons is examined as a routine, is also a challenge
[14]. Additional studies are required to fill the gap
between the structural alterations in the nephron and the
development of kidney disease, with a particular
emphasis on the practical uses of diagnoses [15].

It is important to study the structure of the nephrons in
the context of detecting kidney diseases at their initial
stages. Functional impairment usually follows structural
changes, and such early signs are important features of
early diagnosis and intervention. The diagnosis of
kidney disease in its early stage can be performed by
analysing the structure of the nephrons, and before a
considerable drop in its functionality [16]. It is known
that changes in the nephron morphology, which include
glomerulosclerosis and tubular atrophy, are early signs
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of kidney disease, which can be diagnosed at an early
stage compared to functional impairment manifested
[17]. According to recent research, nephrosclerosis and
a larger nephron size can be used to predict CKD
progression and the related mortality regardless of
kidney function [18]. The early detection of these
structural markers may help to use more specific
treatments, thereby preventing additional damage to the
kidneys and the necessity of dialysis and transplantation.
In addition, investigating the structure of nephrons can
give information on the molecular process of kidney
disease, which may result in innovative treatment
methods to maintain the integrity of nephrons [19]. The
proposed study will examine the connection between
nephron structure and the progression of kidney disease,
which will eventually lead to the creation of early
diagnostic methods. Innovations in imaging and
molecular biology are the keys to ensuring that the
nephron integrity can be determined and the disease can
be identified at its initial stages, which results in better
outcomes due to the timely interventions.

Research Objectives

1. To analyse the structural anatomy of the nephron and
its implications in kidney disease progression.

2. To investigate the potential of early nephron
structural changes as diagnostic markers for kidney
diseases.

2. METHODOLOGY

2.1 Study Design

This study uses a cross-sectional design, which allows
for the observation of nephron structure at a single point
in time. The study includes two groups: healthy
individuals with normal kidney function and patients
with chronic kidney disease (CKD), categorised into
stages 1 to 3. This design helps to compare nephron
structures across healthy kidneys and those affected by
kidney disease.

2.2 Data Collection

2.2.1 Methods of Structural Assessment

Nephron structure will be assessed using non-invasive
kidney imaging techniques such as ultrasound and CT
scans. These methods provide clear images of the kidney
and allow for identification of early structural changes,
such as damage to the glomeruli and tubules. In cases
where imaging is not sufficient, a small number of
participants may undergo biopsy, and tissue samples will
be analysed to detect structural damage at a cellular
level.

2.2.2 Clinical Data Collection

Blood samples will be collected to measure key markers
of kidney function, such as serum creatinine and
estimated glomerular filtration rate (eGFR). These
markers help assess kidney function and correlate it with
the observed structural changes. Urine samples will also
be analysed for proteinuria (excess protein in the urine),
which is a sign of nephron damage. The medical history
of each participant will be reviewed to identify any
conditions, such as diabetes or hypertension, that could
affect kidney health.
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2.3 Analysis Techniques

2.3.1 Statistical Methods

The data will be analysed using simple descriptive
statistics to summarise key characteristics of the study
population. Correlations will be assessed between the
observed nephron structural changes and kidney
function markers (e.g., eGFR, proteinuria) to see if early
structural damage is linked to kidney function decline. t-
tests will be used to compare the differences in nephron
structure between healthy individuals and those with
CKD.

2.3.2 Image Processing and Data Analysis

For the imaging data, basic image analysis tools will be
used to measure structural changes in the kidneys. These
measurements will be compared with clinical data to
identify any early signs of kidney disease.
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3. RESULTS

3.1 Structural Findings

The nephron structural changes observed in healthy
kidneys versus those affected by kidney disease.
Significant alterations such as glomerulosclerosis,
tubular atrophy, and reduced nephron size were
observed in the diseased kidneys. These changes became
more pronounced as kidney disease advanced from early
stages to more severe stages. The percentage of
participants exhibiting glomerulosclerosis increased
from 5% in mild disease to 35% in severe disease, while
tubular atrophy increased from 10% to 50% across the
stages. The average nephron size decreased from 150
um in healthy kidneys to 120 um in severely affected
kidneys. Interstitial fibrosis was absent in healthy
kidneys, but it was observed in 8% of mild disease cases,
increasing to 45% in severe cases (Table 1).

Table 1: Nephron Structural Changes Observed in Healthy vs. Diseased Kidneys

Structural Feature | Healthy Kidneys | Mild Disease | Moderate Disease | Severe Disease
Glomerulosclerosis | 0% 5% 15% 35%

Tubular Atrophy 0% 10% 20% 50%

Nephron Size (um) | 150+ 10 140 + 12 130+ 15 120 + 20
Interstitial Fibrosis | 0% 8% 25% 45%

3.2 Nephron Size Distribution

The distribution of nephron sizes in healthy kidneys
versus those affected by kidney disease is shown in
Figure 1. The bar graph highlights a clear shift towards
smaller nephron sizes in the kidney disease group,
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especially as the disease severity increases. The healthy
group had a larger proportion of nephrons in the 150 pm
size range, while the disease groups showed a higher
frequency of nephrons below 130 pum. This shift is
particularly prominent in patients with severe CKD.
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Figure 1: Nephron Size Distribution in Healthy vs. Disease Groups

3.3 Clinical Findings

The correlation between nephron structural changes and
kidney function markers, such as eGFR and serum
creatinine, is shown in Table 2. Strong correlations were
found between the extent of nephron damage and the

decline in kidney function. A significant negative
correlation was observed between glomerulosclerosis
and eGFR (r = -0.75) and a positive correlation with
serum creatinine (r = 0.80). Similar correlations were
found for tubular atrophy and nephron size reduction.

Table 2: Correlation Between Nephron Structural Changes and Kidney Function Markers

Structural Change eGFR (r-value) Serum Creatinine (r-value)
Glomerulosclerosis -0.75 +0.80
Tubular Atrophy -0.70 +0.75
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Nephron Size Reduction -0.68

+0.74

Interstitial Fibrosis -0.72

+0.78

3.4 Comparison of Nephron Size and Number

The comparison of nephron size and number across
different stages of kidney disease is shown in Table 3.
As kidney disease progresses, nephron size and number
decrease significantly. The average nephron size

decreased from 150 pm in healthy kidneys to 120 um in
severely affected kidneys. Similarly, the number of
nephrons per kidney decreased from 1,000,000 in
healthy individuals to 750,000 in severe CKD.

Table 3: Comparison of Nephron Size and Number Across Different Stages of Kidney Disease

Stage of Kidney Disease Nephron Size (um) Nephron Number (per kidney)
Healthy 150+ 10 1,000,000
Stage 1 (Early CKD) 140 + 12 950,000
Stage 2 (Moderate CKD) 130+ 15 850,000
Stage 3 (Severe CKD) 120 + 20 750,000
4. DISCUSSION functions [20]. Like our data, the size and the number of

This study was aimed at examining the way the nephron,
namely glomerulosclerosis, tubular atrophy, reduction in
nephron size, and interstitial fibrosis, are related to the
advancement of kidney disease. The findings showed
that structural damage was very considerable even at the
early kidney disease stages, and glomerulosclerosis and
tubular atrophy were found in 5% and 10% of subjects,
respectively, with the mild stage. With the development
of the kidney disease to its acute phases, the percentage
of the affected respondents rose significantly, as 35% of
participants had glomerulosclerosis, and half of them
demonstrated tubular atrophy. These results indicate that
damage to the nephrons early in the disease process
precedes the functional impairment that is associated
with kidney disease. The structural alterations seen in
this study were congruent with other publications, with
glomerulosclerosis and tubular atrophy being regarded
as the initial signs of kidney damage and disease
development. The extreme shrinkage of the nephron,
despite an average nephron size of 150 pm in normal
kidneys to 120 um in seriously diseased kidneys, also
reflects the loss of nephrons, which is comparable to
established pathophysiological processes of kidney
disease. Interstitial fibrosis, which is not observed in
normal kidneys but is observed in 8% of cases of mild
disease and 45% of severe cases, indicates the
development of progressive fibrotic response to kidney
injury, and this is one of the factors that leads to the
deterioration of nephron activity. Such structural
alterations are of immense clinical significance as they
give early signs of kidney illness before serious
functional deficiency takes place. The results of the
study present the possibility of using nephron structural
changes as biomarkers of early diagnosis. Early
determination of such changes would enable early
interventions that would seek to slow or prevent
additional kidney damage, thereby enhancing patient
outcomes.

The results of this study are consistent with the past
studies, which have investigated structural alterations in
the nephron under conditions of advancement of kidney
diseases. It has been studied that a large number of
nephrons are lost in ageing kidneys, and the loss of
nephron numbers was directly correlated with the kidney
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the nephrons reduce with age, which is a major
contributing factor to the onset of kidney diseases,
including CKD. Early diagnosis of the kidney disease
through the use of the state of art techniques, including
imaging and molecular biomarkers, has been mentioned
as a pivotal measure in enhancing the diagnostic and
treatment outcome of kidney disease.
Glomerulosclerosis and tubular atrophy are structural
alterations that past research has identified to take place
at an early stage of the disease, an additional sign of the
application of nephron structure as an early biomarker of
kidney disease [21]. It has also been highlighted that
early detection of nephron damage, particularly in aged
people, is valuable and that structural changes like
tubular atrophy may be good predictive factors having
chronic conditions, in essence, kidney disease. These
findings are consistent with our study results, especially
the immense changes in nephron size and structure in the
initial phases of disease [22]. The molecular pathways
associated with the progression of kidney diseases have
been identified by advanced RNA-sequencing methods
and concentrated on the genetic basis of the damage to
the nephron. Our work can be added to enhance these
results as it offers a less invasive technique to diagnose
nephron structural adaptations, which may be applied in
clinical practice as an early disease diagnostics tool for
kidney disease [23]. The molecular diagnostics of
kidney disorders and the potential biomarkers that may
be used, including the early nephron changes as in the
case of this study, has been discussed in support of the
notion that structural changes, as seen in this study, may
be important in the diagnosis of kidney disease at an
earlier stage before the development of more severe
functional impairments [24]. The studies of congenital
kidney defects have demonstrated that the structural
alterations on the nephron, especially glomerulosclerosis
and the reduction of nephron size, may be the early signs
of kidney disease. This is in tandem with our results,
whereby nephron changes have the potential to be used
as biomarkers in clinical practice, particularly in the
detection of the disease at its initial stages [25].

These findings have important implications for clinical
practice. Early identification of nephron structural
alterations offers a possibility of intervention before
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major functional loss has been realised, and this may
help to halt the nephron disease. The possibility of
identifying these early biomarkers would decrease the
requirement for more invasive methods of biopsy and
enable the application of non-invasive imaging methods
as a routine clinical practice. Moreover, the knowledge
of structural changes in the nephron anatomy is likely to
result in the creation of new therapeutic interventions
that should preserve the integrity of the nephrons and
curb the occurrence of the disease. Early nephron
damage can be reversible and thus through timely
interventions, which could be either pharmacological
interventions addressing fibrosis or glomerulosclerosis,
could assist in preserving kidney function at early stages
of the disease. Also, the results may be used to guide
patient care efforts, resulting in more customised
treatment approaches that target interventive disease
treatment in its early stages.

Although this study provided some important
information, there are some constraints that need to be
considered. Cross-sectional design, though effective in
comparing the nephron structure at various stages of
kidney disease, is not useful in determining the
progression of nephron damage over time. Longitudinal
studies would give a more in-depth idea of the
correlation of early nephron changes with the decline of
kidney function in the long term. The other limitation is
a comparatively small sample size, which can be a factor
that influences the generalizability of the findings. It is
necessary to have future research that has bigger and
more varied populations that can prove these findings
and also explore the correlation between nephron
structure and the progression of kidney disease. Also, the
diagnostic equipment applied in imaging and biopsy has
inherent limitations. Other imaging modalities like
ultrasound and CT scan do not necessarily show the
subtle structural changes in the nephron, and the
biopsies, although informative, are invasive and may not
be possible in every patient.

Further studies are needed to enhance the method
employed in measuring the structure of nephrons,
especially by coming up with more advanced
mechanisms of imaging that have the capacity to track
the structural changes at an earlier date and more subtle
changes. As an example, the incorporation of high-
resolution MRI and other non-invasive imaging
modalities, with molecular biomarkers, may be able to
give a more comprehensive view of what is going on in
the nephrons and their disease progression. Additionally,
future research ought to be conducted on the possibility
of applying these findings to clinical practice. The
design of recommendations on the way nephron
structural measures should be used in the diagnosis of
EKD in the early stage would greatly enhance patient
outcomes. The studies on treatment methods to reverse
the initial nephron damage may provide new
possibilities to treat kidney illness at early stages as well.

5. CONCLUSION

This study indicates that nephron structural modification
is a crucial parameter indicating kidney disease in the
early stages. Among the notable observations are the
presence of severe structural changes, which are
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glomerulosclerosis, tubular atrophy, and shrinking of the
nephron even in the initial presence of chronic kidney
disease (CKD). These changes became increasingly
more evident as the kidney disease progressed, and in
severe cases, there is extensive damage to nephrons. The
mean nephron size went down to 120 pm in severely
affected kidneys compared to 150 pm in normal kidneys.
Also, the occurrence of interstitial fibrosis, which started
to develop in 8 per cent of mild cases and as high as 45
per cent in severe disease, further justifies the concept
that structural damage to nephrons occurs before
functional impairment. The positive association between
the nephron structural alteration and kidney functional
indicators like eGFR and serum creatinine highlights the
possible use of the early biomarkers to identify the
disease. Since the nephron damage happened before the
significant reduction in functional capacity, it is
proposed in this research that structural analysis might
be a useful method in the early detection of kidney
disease, and providing an opportunity for the prevention
of additional damage. In general, the results of this study
confirm the necessity of conducting further studies on
the application of nephron structural changes as
diagnostic indicators of CKD that may eventually result
in better diagnostic and treatment plans and minimise the
impact of the development of kidney diseases.
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