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From “Heart and Reins” to Clinical Syndromes

Origin and Evolution of Cardio-Renal Disease



The Heart & Kidneys in Antiquity

Ancient Egypt: Heart & kidneys were the only organs preserved
during mummification.

Book of the Dead (1600-1240 BC): “Homage to thee, O my heart!
Homage to you, O my kidneys!”

Archaeological data: Mummies show cardiovascular (CV) and renal
disease.

Bible: >30 references to the “reins” (kidneys) alongside the heart -
organs of judgment & emotions.

Salam AM, Carr AS. Heart Views. 2021



Historical Perspectives: China - Middle Ages - Modern Era

Traditional Chinese Medicine:
 Heart = “Fire” (yang), Kidneys = “Water” (yin).

* Term: “Heart and kidney failing to link” - edema, palpitations, dyspnea,
dizziness, oliguria.

Middle Ages:

* Gentilis de Fulgineo (1272-1348) observed link between fast pulse rate &
urine output and the importance of heart disease on modulating the
colour and output of urine— first “cardionephrologist.”
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* Andreas Vesalius (1514-1564) and his work Plate 3 (Tabula iii,
1538, Tabula Anatomicae Sex) depicts only the heart and kidneys,
illustrating the early concept of the cardiorenal connection.

Young JB, Eknoyan G Circ Heart Fail. 2024; Salam AM, Carr AS. Heart Views. 2021



Modern Era

* 1914: Alfred Stengel (1868-1939) introduced the term “cardio-renal disease”; described coexistence

of heart & kidney failure.

“......cardiac weakness and other circulatory disturbances, such as high pressure, are associated with signs of failure of renal function or
urinary indications of renal disease..... The term comprises cases of combined cardiovascular and renal disease without such manifest
predominance of either as to justify a prompt determination of the one element as primary and important and the other as secondary and
unimportant.”

e Modern Era

Number of biannual PubMed entries for
Cardiorenal Syndrome
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Young JB, Eknoyan G Circ Heart Fail. 2024; Salam AM, Carr AS. Heart Views. 2021



Co-existence of Heart Failure and Chronic Kidney Disease
How common is it?

Epidemiological perspectives



Cumulative probability
of heart failure

The emergence of Heart Failure (HF) in CKD populations

The occurrence of HF varies depending on the degree of CKD and the type of renal replacement therapy,
including transplantation.
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Prevalence of CKD in HF

@ European Heart Journal (2014) 35, 455-46%9 CLINICAL RESEARCH
susorian  doi10.1093/eurheartj/eht386 Heart failure/cardiomyopathy

Renal impairment, worsening renal function,
and outcome in patients with heart failure: an
updated meta-analysis

Kevin Damman'*, Mattia A.E. Valente', Adriaan A. Voors!, Christopher M. O’Connor?,
Dirk J. van Veldhuisen', and Hans L. Hillege'3

57 studies (1 076 104 patients) that investigated CKD and 28 studies (49 890 patients) that investigated WRF
The prevalence of CKD was 32% and of WRF 23%

In multivariate analysis, moderate renal impairment (HR 1.59, 95% Cl 1.49-1.69, P < 0.001), severe renal impairment (HR 2.17, 95% Cl 1.95-2.40, P < 0.001), and WRF, (HR
1.95, 95% Cl 1.45-2.62, P < 0.001) were all independent predictors of mortality

Renal dysfunction is one of the most important risk factors predicting mortality and poor

outcomes in HF patients, with more than double risk of death if CKD is present



Among HF comorbidities, CKD carries the g
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reatest prognostic burden

The prognosis of HF is often
determined not only by the heart
itself, but by the kidney’s response
to cardiac dysfunction

Fletcher RA et al. The Lancet Public Health 2024
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Beyond the Traditional CRS Model

Kidney hypopcrfu.\lon

> 7

Heart Pump Failure

v

Fluid retention B

Kidney Failure

Rx. diuretics

CRS is not solely driven by low cardiac output

Venous congestion plays a central role

Neurohormonal and inflammatory pathways

contribute significantly

Intestinal microbiota alteration
Loss of gut barrier integrity
-
Dyslipidemia
T S A

*Shpr‘r stress
Fluid rntpntton

Accelerated / advanced
atherosclerosis

Heart Fallure =

Sympathetic hyperactivity §

Endothelial dysfunction
RAAS activation

Pump failure

Adenosine e

| e 5 ;7 S — “7 Kidney Failure &
| =~ " A A
j 1 e AT + Active vitamin D

L Erythropoietin

Hatamizadeh P. Trends Cardiovasc Med. 2024



The Ronco Cardiorenal Syndrome Model

“Any acute or chronic problem in the heart or kidneys that could result in an acute or chronic problem of the
other” Chronology-based and directional

Acute CRS Chronic CRS

'CRStype2

é = ¢

'CRStype1

[ CRS type 5 ‘

Extrinsec factors (e.g. sepsis)

' CRStype4

(= &

Ronco C et al. JACC 2008; Bedo D et al., Diagnostics (Basel). 2024




Why the CRS framework still matters in clinical practice

The Ronco classification is more than a taxonomy. It provides a practical framework that explains, predicts and
guides our daily clinical decisions

DEFINES DIRECTIONALITY
— the core of CRS

Identifies the primary
organ and the secondary

¢ HF — kidney dysfunction (Types 1&2)
» AK| — cardiac dysfunction (Types 3 & 4)

¢ Essential for diagnosis, prognosis
and therapeutic strategy

2

PLACES CONGESTION
AT THE CENTER

j/r’l

Hypoperfusmn

* Congestion is a major driver of
organ dysfunction

» Concept of congestion and its clinical
consequences were pioneered and
emphasized within the CRS framework
by Ronco and colleagues

Inﬂammatlon ‘

3

GUIDES ACUTE
MANAGEMENT

Supports decongestion strategies

Helps in diuretic selection
and escalation

Aids interpretation of
worsening renal function

Informs continuation of GDMT
despite mild creatinine rise

G

DIRECT BEDSIDE
APPLICABILITY

Useful in:

Acute decompensated
heart failure

Acute kidney injury

| Diuretic resistance

Worsening renal
function



CRS type 1

Acute HF is followed by or associated with AKI

Key Clinical Points

* Occurs in ~25-30% of ADHF admissions

« Congestion is a major driver of AKI

« AKI strongly worsens prognosis (mortality
RF)

« Ischemia

* Cardiomyopathy ACUTE CARDIAC INSULT
» Arrythmia

Vagal and Glossopharyngeal
Afferents from High-Pressure

{ Cardiac Output Peripheral

Q ) Vasoconstriction Acute decompensated HF
— %

ﬁﬁ& 4+ Signaling v
=0 G il

2 million About 30%

) ' 5 hospital admissions of patients with AHF
' Perfusion & gymg:n in the US experience WRF
‘ > .. ecr (rise in Cr >0.3 mg/dl)
Solute-Free
4 Venous Pressure § Water Excretion Advgnd Gland

Sodnum Excrehon

/ Aldoslerone

Renal Hypoperfusion

« Tubular Cell Toxicity

* Decreased GFR

* Decreased O2 Delivery
» Diuretic Resistance

« Necrosis/Apoptosis

+* Organ Edema

RangaswamiJ et al. Circulation. 2019 Apr; Damman K et al. J Card Fail. 2007




Three main mechanisms of renal hypoperfusion in the context of

an ADHF

1. Venous System Venous Congestion

Unstressed Stresad « Kidney interstitial edema

venous  Vvenous » Activation RAAS and SNS
bl R sl » Renal sodium avidity f
« Inflammatory pathways

Rx Pullers

« Decreases RBF

« Activation RAAS and SNS
» Renal sodium avidity f

» Ischemic tubular injury

» Inflammatory pathways

Rx Pushers

2. Arterial
Perfusion

3. Microcirculation/ |
Interstitium/ /

Interstitial Overload

Lymphatic Axis

» Decrease lymph removal

* Renal Na presentation{

* Renal H,0 presentation *
« Renal interstital pressuref

Rx Fluid Shifters

= Renal Tamponade Hypothesis

The kidney is encapsulated and lacks
elasticity, so glomerular and renal
interstitial congestion is problematic

Interstitial fluid overload 1" intrarenal
pressure =

Compression of tubules, glomeruli &
intrarenal veins -

Necrosis & progressive renal impairment

Renal Perfusion Pressure: MAP - CVP

Martens P et al. JACC Heart Fail. 2023



The primary driver of the outcome is not the kidney dysfunction but the
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Residual congestion predicts prognosis better than creatinine rise.

Metra M et al. Circ Heart Fail 2012



Diagnosis



Evaluation of CRS type 1

@ Diagnostic goals ){ Key tools
Q Exclud? intrinsic Clinical examination
renal disease
6 Identify persistent E Urine sodium (UNa)

7~ congestion
I/s/ Creatinine trend
e Assess diuretic

w' response &

—

Ultrasound assessment

Assessment of congestion is more important
than isolated creatinine changes.



Role of biomarkers questionable

Decrease in SCr in ADHF undergoing Aggressive diuresis —
results from ROSE-AHF trial

100
I@ Adjusted Odds Ratios of biomarker tertiles for progression to the
primary composite endpoint within 30 days.
Galectin-3 (T3)
Cystatin C (T3)
EGF (T3}
sCreatinine (T3}
CCL-14 (T3)
Troponin 1 (T3)
IGFBP-1 (T3)1
IGFBP-7 (T3) b -
ACR (73) 1

H MCP-1 (T3)

TIMP-2 (T3)-

PpNGAL (T3)

80=- FENa (T3)
Uromodulin (T3) ' - “

CAP (T3)
TIMP-2"IGFBP-7 (T3)
- \WRF YKL-40 (T3)-
AGT (T3)

uNGAL (T3} ' -

- SRF
FEUrea (T3)

70— - |RF KIM=1 (T3)-
BNP (T3)
log-rank P = 0.047* LFABP-1 (T3)1

ATM (T3)

linear trend P = 0.016* uCroatinine (T3)1
BUN (T3)

Biomarker

Probability of Survival

0.1 10.0

1.0
60 T T T T T 1 Adjusted Odds Ratio

Only plasma Gal3 discriminated high risk
patients with WRF

Davs

Improvement in Renal Function (IRF) associated with

worse outcomes than WRF

Natov PS et al. Circ Heart Fail. 2023 Mar



Diagnosis of renal congestion

Biomarkers
Renal Congestion in Heart Failure: Emerging Tools for Patient Evaluation
Biomarkers Imaging modalities
Echographic IVC evaluation
Classic Biomarkers (Size, collapsibility, diameter-
(BNP, NT pro-BNP, eGFR, guided diuretic therapy)
BUN/Creatinine ratio, UACR)
Renal Vein Doppler Ultrasound
(IRVF patterns and waveforms,
Peptides and Hormones Renal VI, RVSI)

(NGAL, Cystatinc, KIM-1
CA-125, FGF-23, ADM)

Contrast Enhanced Ultrasound

(Average/Relative Contrast
Intensity, Time to Peak (TTP))

micro-RNAs
(miR-652) VEXUS Score
(Renal and hepatic congestion
| score evaluating Doppler and
elastography measurements)

Dimitriadis K, Damianaki A et al. Cardiol Rev. 2024



Ultrasound assessment of renal congestion

Modality Indices Measured Assessed Characteristics Clinical Significance in Cardiorenal Interplay
Ultrasound Noninvasive IVC IVC size and collapsibility O Increased IVC diameter reflects intravascular volume and RAP
characteristics O It correlates with GFR, increased rehospitalization, and mortality in HF patients
0 Predictor of WRF
Doppler ultrasound Intrarenal venous flow Doppler waveform patterns, renal vein O IRVF strongly associated with mortality and rehospitalization
(IRVF) flow O Persistent discontinuous patterns, regardless of baseline IRVF, correlate with progression of

bascline renal function to impaired values and poorer prognosis
Renal venous stasis index Renal venous stasis (time with no renal
venous outflow during cardiac cycle)

Reflects [IVC diameter and right heart hemodynamics
It can be associated with severity of AKI and worse outcomes in HF patients
May be used in the acute setting to identify acute cardiorenal syndrome

Renal resistive index (RRI)  Renal vascular compliance and resistance It is associated with HF-rehospitalizations and mortality

It can improve patient classification when added to GFR

OO0 0ooo

o

Velocity time integral (VTI) Renal perfusion Low VTI, along with abnormal IRVF, is a predictor of adverse cardiovascular outcomes in

decompensated HF

ad Time-to-peak, renal contrast Renal congestion O Patients with HF have worse baseline time-to-peak
index 0O Can be used to guide diuretic therapy, as time-to-peak is decreased and renal contrast index
is increased after successful decongestion
f Portal venous flow Hepatic congestion, reflective of right HF 0 No established connection with renal indices yet
alterations and increased venous pressure 0 VexUS score, assessing IVC, hepatic, portal, and interlobular renal veins, shows a strong

correlation with AKI development of AKI and can accurately diagnose cardiorenal syndrome

Vein flow Continuous Biphasic Monophasic

Dimitriadis K, Damianaki A et al. Cardiol Rev. 2024



Treatment strategies



Diuretics - Diuretic Resistance

Definition: inadequate natriuresis despite
appropriate diuretic regimen.

Mechanisms:
* reduced renal perfusion
* venous congestion
e tubular sodium reabsorption
*  RAAS activation
Clinical marker

 Spot urine sodium <50-70
mmol/L predicts worsening
kidney function, HF, and adverse
events.

Albuminuria & organic acids reducing

senm
albumin to

diuretic availability in tubule

t

Tubule remodelling:
hyperplasia of DCT
increasing sodium

Increased
DCT
sodium
reabsorption

Tran P et al. J Clin Med. 2025 Apr; Felker GM et al. J Am Coll Cardiol. 2020 Mar



DR — Natriuresis guided treatment

Monitor response at 2-6 hours
e.g. At 2 hours, UNa 250-70mmol/L
At 6 hours, urine output 2100-150mihr

|

If inadequate response, double furosemide dose

|

If inadequate response at 6 hours and at maximum
furosemide, for sequential nephron blockade

Metolazone 2.5-5mg OD (or alternate days)
Chlorthalidone 25-50mg OD
- 2.5mg OD (if mild congestion,
Bendroflumethiazide GFR >30 for efficacy)

Acetazolamide 250-500mg OD to BD Metabolic alkalosis (HCO3>28)
{oft-labe! use) Hypochloraemia (<96mmol/L)
Empaglifiozin 10-25mg OD Cardiorenal/diabetic indications,
(weak diuresis) especially if eGFR 220
Ultrafiltration/ peritoneal dialysis RGO W DAININE Sovers

congestion, ascites, low blood pressure

Hypertonic saline 3% 150mis over 30-
60min (unlicensed use for diuresis)

Especially if severe hyponatraemisa (¢

symptomatio)

Tolvaptan 15-30mg OD

Especially if severe hyponatraemia (=

symptomatic)

www.kidney-international org KDIGO executive conclusions

Kidney disease and heart failure: recent advances

and current challenges: conclusions from a Kidney

Disease: Improving Global Outcomes (KDIGO)
Controversies Conference

Carolyn SP. Lam', Biykem Bozkurt™, David Z1. Chemey’, Justin A. Ezekowitz', Meq J. Jardine™’,

Sadiya S. Khan™’, Magdalena Madero'”, Mark J. Samak'', Jozine M. ter Maaten'*, Michael Cheung'’,
Jennifer M. King"*, Morgan E. Grams ™, Michel Jadoul '~ and Nisha Bansal '“; for Conference Participants '’

OPEN

Caution with Pt with already ATN
e.g., in the context of sepsis,
infection etc. or pt already

received ivc as proximal tubule is
not working properly to
correctly evaluate UNa*

Tran P et al. J Clin Med. 2025 Apr



CRS type 2 — Chronic cardiorenal syndrome

CKD 12 CKD 34
Smoking Anemia
Obesity Uremic toxins
Hypertension Ca&P-
Dyslipidemia abnormalities
Chronic Nutnitional
inflamation status
Na & H.,O
overload
Chronic
inflammation

\\ toxir{

CKD 5
Anemia

malnutrition
Ca&P-
abnormalities
Soft tissue
calcification
Na & H,O
overload
Erythropoietin
resistance

Uremic

Chronic cardiorenal syndrome

NN

Susceptibility
to insult

Genetic
risk factors

Acquired

risk factors
Low cardiac

output

Insult/
damage

Low cardiac
output

Subclinical
inflammation

Endothelial

dysfunction

Accelerated
atherosclerosis

Progression
of CKD
Chronic

hypoperfusion

Increased
renal vascular
resistance
Increased
Venous pressure

Embolism

Key mechanisms
chronic hypoperfusion

venous congestion
neurohormonal activation

Ronco C et al. Adv Chronic Kidney Dis. 2018; Cruz DN, Bagshaw SM.. Int J Nephrol. 2010



Pharmacological Therapy in Heart Failure & CKD: Significant overlap in
treatments for HF and CKD.

Kidney
Disease

HF

Beta-blockers

ACE/ARB/ARNI i
SGLTi SGLT2i
| nsMRAS

e GLP1-RA



Renal function changes during HF therapy may be hemodynamic

ARNI

Afferent Arteriole  Efferent Arteriole

TGF causing Afferent Vusoconstrictiozl @_
Loop

(RBF | / GFR | / FF =)

Efferent Vasodilation
RBF 1
GFR |

SGLT2i K FF |

Diuretic
Afferent Vasodilation ?
o

MAP oot RBF v

CardiacOutput
ACEi/ARB/\nS-MRA 2 oo o
B ~ nclear Mechanism
L/ g V /\\ Blocks aldosterone
SGLT2i | GLP-1RA : i + TR rron s
\ : \, natriuresis

Effect on Podocytes
causing
Albuminuria

Bowman's Capsule

suria and e Proximal Tubule

riuresis
juresis
..... .2's Loop)  Diuretic

Beldhuis IE et al. Circulation. 2022 Mar



CRS type 3

Occurs when AKI contributes and/or precipitates to the development of acute cardiac injury.

AKI may directly or indirectly produce an

acute cardiac event through multiple

mechanisms:

* Fluid overload - pulmonary edema

* Hyperkalemia = arrhythmias/cardiac
arrest

* Uremia - myocardial depression &
pericarditis

* Acidemia - pulmonary vasoconstriction
& reduced contractility

* Renal ischemia = inflammation &
cardiac apoptosis

Special Clinical Setting

Bilateral renal artery stenosis

May precipitate acute/decompensated HF
through

Acute urinary obstructon

Na + MO o— Volume
rccmlk;n EXPANSON
~
/ / .
Docreased Inc reasexd

1 4
- Hyperbemum \\\ \

// N
e Sympathetic ——_

activation -

Acute heart
dysfunction

y  Acute decompensation
N Acute heart failure
lschemic insult
Arrythmias
Decreased CO

Acute kidney injury |

Glomemilar deseases
Interstitial diseases
Acute lubular necross

Acute pyelonephrits

— RAA actvation, —

T vasoconstriction ' A\ _t':.._" Biomarkers
\ AT Troponin
| < -
A \ / |

& Myoglobin
MPO
\ BNP
\'\ \-—- Blectrolyte, acid base — A
\ & coagulation imbalances ;
Humoral !
signaling Cytokine
e secietion
Caspase ’
activation '
APOPICSIS ~onno- : /W
' acln.ﬂmn

Monacyte
activation

Endothelial
activation

Ronco C et al. Adv Chronic Kidney Dis. 2018



CRS type 4

CKD - chronic cardiac dysfunction

Glomerular/ l
interstitial damage

CKD
Stage 34

Sclerosis - Fibrosisl

\ I"\f\.

otage o .
alvcic
MY oo

Endothelial dysfunction
Smooth muscle proliferation

LDL oxidation © ,.’_} )
Vascular calcification

Oxidant slress Bone TMuscle At
Accelerated atherosclerosis remodeling catabolism i Appelite

" EPO resistance

Smoking
Obesity
Hypertension
’ Dyslipidemia
Hyperhomocysteinemia
Chronic inflammation
Genetic risk factors

= Acquired risk factors
Primary nephropathy
Diabetes mellitus

Anemia
Uremic toxins

- Ca and P abnomnalities

4 Nutritional status, BMI —
Salt and water overload
Chronic Inflammation

Anemia & malnuirtion

Ca/Phos abnormalities Chronic

Sofl tissue calcification inflammastion

Monocyt:/

Na — H20 overload
Artificial surfaces  stimulation
Contaminated fluids <

Uremic toxins

Ronco C et al. Adv Chronic Kidney Dis. 2018 .Go AS et al, N Engl J Med. 2004

Cytokine
production

®, @

Cardiac remodeling
Neurohormonal abnormalities
Increased ischemic risk

Left venltricular hypertrophy

Left diastelic dysfunction
Decreased coronary perfusion
Inflammation

Coronary and tissue calcification

BIOMARKERS

Cardiac troponin

Natriuretic peptides
Asymmetric dimethylarginine
Ischemia modified albumin
Acute phase proteins

Serum amyloid protein A
C-reactive protein

&
T Insuiin
/~ Resistance

_;r’ T Adipoxytokine
- Production
Acute phase
reactants



CRS type 5

fallure

Sympathetic
system activation
Neurohonnona stneas
inflammation

Hemodynamic changea
Hypoperfusion
__ +¥Perfusion pressure —
RVR
Systemic dlsases Ischemiafreperfusion
Diabetes

Hypoxia Organ
Amyloidosis Oxidati
Vasculitis phorbas damage/dysfunction

Sepsis

Toxemia

//

Exogenous toxins
" Heme proteins, antibiotics —
Contrast media

LPS/endotoxin
Monocyte activation /
Cytokines

Renal
insufficiency



Is CRS classification still enough?

Nonmetabolic
etiologies of

hypertension
/

Stage 0: Stage 1:
No Risk Factors Excess/Dysfunctional

B

Overweight/obesity

Abdominal obesity
Impaired glucose
tolerance

A focus on

primordial prevention /
and preserving Nonmetabolic
cardiovascular health etiologies of CKD

Ndumele CE et al, Circulation 2023



Limitation of CKM

CKM syndrome successfully highlights:

n Obesity
| Diabetes

Metabolic inflammation

.)v'c Vascular dysfunction

Q0 0O

However:

Less emphasis on acute
hemodynamic interactions

Limited distinction between
primary and secondary
organ dysfunction

Less practical in acute
HF/AKI settings

Weaker applicability in
bedside decision-making

Clinical reality:

In many hospitalized
patients,

&
+. 9

congestion and
cardiorenal hemodynamics
drive outcomes more
directly than metabolic
staging alone.

"'v. cross talk in day-to-day clinical practice

CKM adds important context — but does not replace the need for understanding the




Cardiorenal Syndrome vs CKM Syndrome

Which model better reflects real-world cardiorenal disease?
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“Some of Ihess pathways may lead 1o ens-oigan Rross

'@\ Final perspective: The two models may be complementary -
%, but CRS remains the more clinically actionable framework.



