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Abstract

A potassium-rich diet has several cardiovascular and renal health benefits;
however, it is not recommended for patients with advanced chronic kidney
disease or end-stage kidney disease because of the risk of life-threatening
hyperkalemia. To assess the strength of evidence supporting potassium intake
restriction in chronic kidney disease, the medical literature was searched looking
for the current recommended approach and for evidence in support for such an
approach. There is a lack of strong evidence supporting intense restriction of
dietary potassium intake. There are several ways to reduce potassium intake
without depriving the patient from fruits and vegetables, such as identifying
hidden sources of potassium (processed food and preservatives) and soaking or
boiling food to remove potassium. An individualized and gradual reduction of
dietary potassium intake in people at risk of hyperkalemia is recommended. The
current potassium dietary advice in chronic kidney disease needs to be
reevaluated, individualized, and gradually introduced.

Key Words: Chronic kidney disease; Potassium intake; Plant-based diet; Hyperkalemia;
Potassium removal
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Core Tip: A potassium-rich diet has several cardiovascular and renal health benefits;
however, it is not recommended for patients with advanced chronic kidney disease or
end-stage kidney disease because of the risk of life-threatening hyperkalemia. However,
there is a lack of strong evidence supporting this restrictive approach. There are several
ways to reduce potassium intake without depriving the patient of fruits and vegetables,
such as identifying hidden sources of potassium (processed food and preservatives) and
soaking or boiling food to remove potassium. An individualized and gradual reduction
of dietary potassium intake in people at risk of hyperkalemia is recommended.
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INTRODUCTION

A potassium-rich diet has several cardiovascular and renal health benefits[1-4]. However, it is not recommended in
patients with advanced chronic kidney disease (CKD) or end-stage kidney disease (ESKD) because of the risk of
hyperkalemial[5]. In fact, restriction of dietary potassium intake is the current standard of care. Due to the lack of strong
evidence supporting this approach, there are calls to reevaluate and individualize the potassium dietary advice for
patients with CKD[1,2]. In this review, the current recommendations, the argument against a restrictive approach, and an
individualized, gradual reduction of dietary potassium intake were discussed.

Potassium intake and health

A potassium-rich diet can help decrease blood pressure and the risk of CKD and its progression, cardiovascular disease,
stroke, and mortality[1-4]. Fruits and vegetables in most diets supply the majority of dietary potassium[5]. The alkaline
content of such a potassium-rich, plant-based diet may correct CKD-associated metabolic acidosis. Fiber from potassium-
rich fruits and vegetables improves the lipid profile, lowers body weight, increases stool volume and frequency, improves
colonic epithelium integrity reducing toxin absorption, and improves the gut microbiome reducing systemic inflam-
mation[1-4]. The Kidney Disease Outcomes Quality Initiative 2020 nutrition guideline suggested increasing fruit and
vegetable intake to help reduce weight, blood pressure, and net acid production, all of which may help lower the rate of
CKD progression[6]. A plant-based diet also helps decrease the risk of calcium oxalate stone formation by increasing
urinary citrate levels and reducing the calcium excretion rate[3].

The minimum daily requirement for potassium in adults, estimated based on its unavoidable loss through sweat, stool,
urine, and other sources, is about 1.6 g[7]. Table 1 Lists the recommended daily intake of potassium for the general
population. It is important to know that the majority of people around the world consume less than what is recom-
mended[8-10].

Dietary potassium intake recommendations in adult patients with CKD

Patients with an estimated glomerular filtration rate (eGFR) = 45 mL/min/1.73 m? are generally at low risk of
hyperkalemia when consuming the recommended amount of potassium for the general population, even during
treatment with renin angiotensin aldosterone system (RAAS) blockers. Hyperkalemia may develop in patients receiving a
high dose of RAAS blockers and/or who have a high potassium intake (> 5 g/d) in the presence of severe heart failure
and/or diabetes[8]. Table 2 outlines the current potassium intake recommendations for patients with advanced CKD
(stages 3b-5) and ESKD to avoid hyperkalemia. It reveals a lack of consensus regarding recommendations for a low
potassium diet. A low potassium diet is defined as a dietary intake of 2-3g/d of potassium[5]. In CKD populations,
potassium intake is estimated to average around 2.4 g/d[11].

Uncertainties and challenges of dietary potassium restriction in CKD

Recommendations to limit potassium intake in CKD and ESKD are standard practice for two reasons: to prevent acute
hyperkalemia (when postprandial potassium absorption exceeds cellular uptake and body excretion); and to prevent
chronic hyperkalemia (when potassium bioaccumulation or total body potassium exceeds cellular uptake and potassium
excretion)[12]. However, this approach also restricts intake of fruits, vegetables, dairy, grains, nuts, and legumes because
they are major sources of potassium[5,12-14]. This in turn deprives patients of the health benefits discussed earlier, and it
may need to be reevaluated for several reasons.

There is a lack of direct evidence regarding the benefit of restricting potassium intake in CKD from randomized
controlled trials[15,16]. The results from observational studies regarding the association between higher urinary
potassium excretion and mortality and kidney outcomes are conflicting[4,6,15]. Dietary potassium restriction is difficult
because it requires lifestyle changes that may lead to loss of enjoyment in food and impact social activities. It may result
in extra financial costs for special diets[15,16]. Restriction may lower the intake of other beneficial nutrients resulting in a
poor diet, which may contribute to malnutrition in advanced CKD[17] and may lead to cardiovascular disease[18].

The National Kidney Foundation defines potassium-rich food as food with more than 200 mg of potassium per serving
[19]. This arbitrary threshold can be confusing. For example, tangerines are a low-potassium food while oranges are a
high-potassium food, despite having relatively similar nutrient contents and densities[20]. In addition, evidence suggests
that gut-kidney kaliuretic signaling initiates urinary potassium excretion before the rise in plasma potassium and
independent of plasma potassium and plasma aldosterone[4], which may explain why little to no association exists
between serum potassium levels and potassium intake in CKD patients[16,21-24].

An unprocessed plant-based diet rich in potassium may not always lead to hyperkalemia for several reasons. Not all
fruits and vegetables are rich in potassium[1]. The 24-h urine potassium recovery from animal-based diets is about 80%
and from unprocessed plant-based diets is about 50%-60%. This lower bioavailability of unprocessed plant potassium
might enable CKD patients to benefit from plant-based diets without precipitating hyperkalemia[1,3,25]. Plants are the
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Table 1 Recommended adequate intake of potassium for adults in the general population

Institution K intake g/d

WHO and EFSA[32,33] 35

United States and Canada[34,35]

Male 34
Female 2.6
Japan[7] 2.7-3.0

EFSA: European Food Safety Authority; K: Potassium; WHO: World Health Organization.

only natural source of fiber, a nondigestible, nonabsorbable carbohydrate polymer that increases stool quantity and
frequency, facilitating colonic elimination of potassium and protecting against hyperkalemia[3]. Plants provide a natural
alkali, which may facilitate the transfer of potassium to the intracellular compartment, especially in metabolic acidosis[1,
3,5,16]. Complex carbohydrates found in fruits and vegetables increase the insulin-mediated cellular uptake of potassium,
helping to lower the risk of hyperkalemia[1,3,16]. The mineral content of vegetables varies with vegetable size, weather
conditions, and cultivation techniques[26]. Many dietary recommendations are based on the mineral content of raw
whole foods and not chopped, cooked foods[23,27]. Restricting sodium intake and encouraging a potassium-rich, plant-
based diet may help control hypertension, reducing the need for hyperkalemia-inducing antihypertensive medications,
such as B-blockers. It may also allow the reduction of the dosage of RAAS blockers|[2], although this approach is contro-
versial due to the negative effects on kidney and patient survival[17,15].

Potassium restriction should also be reevaluated because guidelines do not make specific recommendations for
potassium in processed food or food additives and do not discuss potassium bioavailability. Potassium additives provide
almost three times the amount of potassium found in additive-free counterparts, and potassium additives in processed
foods have a high bioavailability contributing to hyperkalemia[24]. Because of the pressure on the food industry to
decrease sodium in processed food, but not the salty taste, potassium use has increased in low-sodium processed foods
[24,28,29]. Advice to restrict sodium alone for patients who need dietary sodium and potassium restriction may
inadvertently increase potassium intake if a patient unknowingly switches to low-sodium products with potassium
additives[30]. Moreover, advising CKD patients to restrict potassium-rich food without proper counseling may lead them
to choose sodium- and potassium-rich processed foods over healthier alternatives[30]. Potassium-based food additives
are found in precooked or shelf-stable foods, powdered dressings, sauces, preserved meats, stuffed pasta, jellies, concen-
trated fruit juices, processed cheeses, and margarine[5]. A list of potassium-based food additives is available elsewhere
[31].

There are pitfalls associated with the tools used to estimate dietary intake of potassium. Plasma potassium levels are
usually measured before hemodialysis and in a fasting state for non-hemodialysis (not a postprandial state). This timing
is better suited to evaluate chronic hyperkalemia risk but not to detect acute postprandial hyperkalemia[30]. The standard
assessment method is a 24-h urine collection, which assumes that 24-h urinary potassium excretion always reflects 70% of
ingested potassium. However, collection errors may lead to incorrect assumptions and advice[28]. In addition, a single
collection cannot accurately estimate potassium intake due to day-to-day variability in intake, gastrointestinal excretion,
which is higher at low eGFR, and cell distribution. Spot urine should not be used to estimate intake at an individual level
[11,15].

Non-urinary-based dietary assessment tools (food frequency questionnaires, diet records, and 24-h diet recalls) are not
affected by changes in potassium homeostasis in CKD but rely on food databases. Thus, database inaccuracies (e.g.,
differences in nutrients between processed, restaurant-cooked, and home-cooked foods) can lead to measurement errors
[11,15].

Food frequency questionnaires record the consumption frequency of a predefined list of foods and beverages over
weeks or months. It is the most cost-effective and time-saving method with a low burden, but errors occur due to recall
bias (i.e., respondents not correctly memorizing intake) and when questionnaires are not relevant to local dietary habits or
seasonal changes. Furthermore, they may not account for potassium additives and substitutes and cooking methods[11,
15].

Diet recall documents all foods and beverages consumed in the previous 1-7 d with moderate precision, cost, time, and
burden. However, the method is prone to recall bias and underreporting, especially in overweight individuals. Precision
is acceptable because quantities of consumed foods are defined, including potassium additives and cooking methods.
However, more detailed intake information increases data collection complexity[11,15].

Diet records are prospective documentation of intake with minimal recall bias, and it is the most accurate if foods are
documented and weighed correctly. However, it is costly and time consuming. Respondents may simplify or underreport
complicated meals or even alter eating behaviors choosing healthier foods (selective reporting). Keeping records for more
than 4 d may lead to inaccurate results due to respondent fatigue. It is also less suitable for CKD patients, in whom
limited health literacy and cognitive impairment are common[11,15].

A gradual, individualized approach
A stepwise reduction in potassium intake is advised to ensure a balanced intake of fresh fruits and vegetables and fiber
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Table 2 Recommended potassium intake for adult patients with chronic kidney disease

Source Advice

KDOQI

2000[36] CKD 1-5 ND: Unrestricted intake unless serum potassium level is elevated; HD: Intake up to 2.7-3.1 g/d; PD: Intake close to 3-4 g/d
2004[18] CKD 1-2: intake > 4 g/d; CKD 3-4: intake 2-4 g/d

2020[6]; with the ~Statement 3.3.2: in adults with CKD 1-4, we suggest that prescribing increased fruit and vegetable intake may decrease body weight,
Academy of blood pressure, and net acid production (2C); Statement 6.1.1: in adults with CKD 1-4, we suggest reducing net acid production
Nutrition and through increased dietary intake of fruits and vegetables (2C) to reduce the rate of decline of residual kidney function; Statement 6.4:
Dietetics Adjust dietary potassium intake to maintain serum potassium within the normal range for adults with CKD 3-5D (opinion)

2019[19]; NKF A potassium restricted diet is typically about 2 g/d. A physician or dietitian will advise patient on the specific level of restriction
educational needed based on individual health
website

EBPG

2007[37] Recommendation of 4.2 g/d; in patients with pre-dialysis serum potassium greater than 6 mmol/L, a daily intake of potassium of
1950-2730 mg or 1 mmol/kg IBW is recommended

Spanish Society of Nephrology

2008[38] A low-potassium diet (1.5-2.0 g/d) is recommended for GFR < 20 mL/min or GFR < 50 mL/min if potassium-increasing drugs are
taken

Academy of Nutrition and Dietetics
2010[39] Daily potassium intake of less than 2.4 g for CKD stages 3-5 who exhibit hyperkalemia

2014[40] CKD stages 3-5 not on dialysis: no restriction until hyperkalemia is present, then individualized; HD: 2-4 g/d or 40 mg/kg of BW/d;
PD: individualized to achieve normal serum levels

Australian guidelines

2005[41] Reduced potassium diet should commence when serum potassium in pre-dialysis patients is > 5.5 mmol/L (Opinion). A reduced
potassium diet limits the 24-h intake to about 3.1 mg

2013[42] Early CKD patients with persistent hyperkalemia restrict their dietary potassium intake with the assistance of an appropriately
qualified dietitian (2D)

Italian Society of Nephrology

2019[43] Statement 1.2: serum potassium = 5 mmol/L must be considered pathologic in CKD; Statement 1.3: restriction of potassium intake for
non-dialysis CKD of mild-to-moderate degree is not recommended unless potassium levels are above 5 mmol/L in the absence of any
other apparent cause. Then, it is recommended to limit food with high potassium content, especially if low in fiber, and pretreat
(soaking and boiling) before cooking to remove potassium; Statement 2.3: restrict potassium intake to 2-3 g/d for advanced CKD and
HD patients

Renal Association

2020[17] A low potassium diet should be instituted for patients with advanced CKD and ESKD with persistent hyperkalemia with serum
potassium > 5.5 mmol/L; a low potassium diet is defined by a dietary intake of 2-3 g/d

Cupisti et al[5] Limit intake to 2.5-3.0 g/d or 1 mmol/kg/IBW for mild hyperkalemia of 5.0-5.5 mmol/L; limit intake to 2.0-2.5 g/d for moderate
hyperkalemia of 5.5-6.0 mmol/L; 1.5-2.0 g/d for severe hyperkalemia of 6.0-6.5 mmol/L

Yamadaetal[7]  Limit intake to <2 g/d for eGFR 230 and < 1.5 g/d for eGFR < 30; limit intake to <2 g/d for HD and 2.0-2.5 g/d for PD

Kalantar-Zadeh ~ Recommended potassium intake is the same as for the general population: (1) eGFR 2 60 mL/minute/1.73 m* without substantial

et al[44] proteinuria (< 0.3 g of protein/d) but high risk for CKD because of DM, HTN, PCKD, or a solitary kidney, etc; or (2) eGFR of 30-59
mL/minute/1.73 m? without substantial proteinuria (unless frequent or severe hyperkalemia episodes are likely); Limit potassium
intake to < 3 g/d: (1) eGFR < 30 mL/minute/1.73 m? if hyperkalemia occurs frequently during high-fiber intake; (2) Any eGFR if there
is substantial proteinuria and frequent hyperkalemia during high-fiber intake; (3) Patients with good residual kidney function
transitioning to dialysis if hyperkalemia occurs frequently during high-fiber intake; or (4) Dialysis patients or patients at any stage with
existing or imminent protein-energy wasting defined according to the International Society of Renal Nutrition and Metabolism criteria

Clegg et al[13] Limit potassium intake to 3 g/d

BW: Body weight; CKD: Chronic kidney disease; DM: Diabetes mellitus; EBPG: European Best Practice Guidelines; eGFR: Estimated glomerular filtration
rate; ESKD: End-stage kidney disease; GFR: Glomerular filtration rate; HD: Hemodialysis; HTN: Hypertension; IBW: Ideal body weight; KDOQI: Kidney
Disease Outcomes Quality Initiative; ND: Not on dialysis; NKF: National Kidney Foundation; PCKD: Polycystic kidney disease; PD: Peritoneal dialysis.
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Table 3 Strategies to reduce the risk of hyperkalemia in chronic kidney disease before employing potassium dietary restriction

Strategy

Calculate the eGFR to assess the patient’s risk of hyperkalemia
Avoid hidden sources, especially potassium-based additives in processed food and salt substitutes in low-sodium processed food
Increase stool frequency to increase the proportion of potassium excreted by the gut

Identify and correct non-dietary factors that influence serum potassium levels to keep potassium within normal range: (1) Drugs that may elevate serum
potassium that can and should be discontinued/avoided (NSAIDs, COX-2 inhibitors, PPIs, potassium supplements, herbal remedies); (2) Inorganic
metabolic acidosis associated with advanced CKD when serum bicarbonate level < 22 mmol/L; (3) Uncontrolled DM. Insulin deficit and/or
hyperglycemic hyperosmolality lower acute potassium load movement into cells; and (4) Other causes that may directly or indirectly increase potassium
level include volume depletion, adrenal insufficiency, catabolic state (major cell damage, hemolysis) and GI problems (diarrhea, constipation, bleeding)

Reduce the dose of medications known to elevate serum potassium level if in use or switch to an alternative if possible: RAASi (DRA, ACEI, ARB, MRA,
ARNI, ASI), B-Blockers, potassium-sparing diuretics (Amiloride, Triamterene), calcineurin inhibitors (cyclosporine, tacrolimus), digoxin, heparin,
trimethoprim/ co-trimoxazole

Use diuretics. The effect depends on eGFR. Dialysis patients with reasonable residual kidney function may respond to loop diuretics. Diuretics work best
when diuresis is desired, or an additional antihypertensive agent is considered

Implement sick-day rules by advising patients on the risk of AKI and hyperkalemia during acute illness and on measures to avoid them. However, it can
be difficult and counterproductive

Improve potassium removal in hemodialysis (thrice weekly, 4-h sessions), which is mainly by diffusion: (1) Increase session duration and frequency,
increase blood and dialysate flow, increase filter surface area, correct vascular access status recirculation, and use lower dialysate potassium; (2) Higher
dialysate glucose concentration triggers insulin release, which enhances cellular uptake of potassium; (3) Higher bicarbonate bath concentration increases
blood pH, which enhances cellular uptake of potassium; (4) Minimize pre-dialysis exposure to drugs that increase cellular uptake of potassium such as
insulin and B,-agonist inhalers because they reduce pre-dialysis potassium, which reduces dialytic removal and exacerbates potassium rebound post-
dialysis

Use one of the newer generation potassium binders (patiromer or sodium zirconium cyclosilicate). However, they primarily target chronic hyperkalemia
not acute postprandial hyperkalemia and may increase pill burden

Information compiled from references[1,3,5,13,15-17,45-51]. ACEI: Angiotensin converting enzyme inhibitor; AKI: Acute kidney injury ARB: Angiotensin
receptor blocker; ARNI: Angiotensin receptor/neprilysin inhibitor; ASI: Aldosterone synthase inhibitor; CKD: Chronic kidney disease; COX-2:
Cyclooxygenase 2; DM: Diabetes mellitus; DRA: Direct renin antagonist; eGFR: Estimated glomerular filtration rate; GI: Gastrointestinal; MRA:
Mineralocorticoid receptor antagonist; NSAID: Nonsteroidal anti-inflammatory drugs; PPI: Proton pump inhibitor; RAASi: Renin angiotensin aldosterone

system inhibitors.

Table 4 Strategies to gradually introduce a mild potassium-restrictive dietary plan

Strategy Steps

Ensure care is patient centered (1) Involve dietitians, nurses, psychologists, pharmacists, and social workers if resources allow to ensure patient
understanding. Clarify roles and responsibilities of each regarding dietary education to reduce conflicting
information and deliver nutrition training to non-dietetic staff to promote consistency of message; (2)
Individualize the plan according to patient’s lifestyle, and personal, religious, and sociocultural background.
Train staff, particularly dietitians, to ensure expertise on culturally important foods and dietary patterns; (3)
Explain the plan’s benefits and limitations and give the patient ample time to accept, to change dietary habits,
and to adhere. Plant-based diets can be eco-friendly and economically advantageous. These arguments may
promote adherence; (4) Adapt to all levels of education. Health literacy improves patient access and use of
health information. Many patients have low health literacy, which may hinder communication, comprehension,
and use of digital technology, prolonging the time to convey the message; (5) Identify vulnerable patients
(young, socially isolated) who may need more nutritional education and support; and (6) Provide early and
continuous access to the renal dietitian for collaboration on plan design and implementation

Instruct patients to identify potassium (1) Check serving size/weight. A large low-potassium food serving may have more potassium than a small
content of foods to avoid potassium-rich high-potassium food serving; (2) Spread potassium-rich food items throughout the day to avoid acute

food. Food with > 200 mg of postprandial hyperkalemia; (3) Increase the intake of low-potassium to fiber ratio fruits (apple, apricot, berries)
potassium/serving is defined as a and vegetables (green beans, peas, asparagus, lettuce, onions) and reduce the intake of high-potassium to fiber
potassium-rich food by the National ratio food (processed juice and sauces); (4) Avoid food items that are very rich in potassium, such as edamame,
Kidney Foundation molasses, and white and black beans; (5) Switch to soy-, rice-, and almond-based milk and yogurt because they

may have less potassium and phosphorus than dairy; and (6) Avoid 93% lean ground beef since it has substan-
tially more protein, phosphorus, and potassium than 70% lean ground beef

Describe food preparation methods and ~ See Table 5
cooking procedures that may help
reduce the potassium content of food

Apply dietary plan to real life (1) Invite and engage both patients and family members responsible for buying and preparing food (spouse,
relative) in the appointments with the dietitian to translate dietary recommendations into accessible plans; (2)
Adopt a stepwise approach allowing patients to adapt to dietary recommendations gradually. Patients do not
eat calories, protein, or carbohydrates; they eat food, therefore, translate information about nutrients into food
using food models, pictures, and recipes to make dietary counseling real and achievable; (3) Simplify nutrition
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education/advice particularly for those with multiple dietary needs. Avoid weighing or counting servings if
possible so it is more practical for most patients. Use the hand to estimate serving size; (4) Explore unrestricted
food. Discussion should focus less on what is not allowed and more about what is. Counseling based on food
habits highlights foods that should be avoided with alternatives for replacement. For example, animal-based
food (cow’s milk) may be replaced by plant-based food (vegetable milk such as soy, almond, and coconut); (5)
Nothing should be “forever.” Social life is shared around a table; more restaurants have plant-based options,
but the main courses in family meetings are often animal-based. Patients will not easily give up food they love.
Allowing occasional freedom can improve long-term adherence; (6) Suggest cooking classes for recipes desired
by patients to stimulate emotional involvement. Explore seasonal fruits and vegetables; (7) Offer positive
feedback for the patient/caregiver during visits to motivate the patient to continue with the plan. Show how it
affects laboratory values, intradialytic weight over time, or even number of pills patient is taking; (8) Meal
delivery service may benefit patients who live alone or have difficulty shopping and preparing meals; and (9)
Utilize the internet and social media: (a) Smartphones and tablets help interactive sessions (sharing pictures of
dishes, describing sizes and preparation methods); (b) Telehealth/virtual nutrition counseling supports patients
who need frequent reinforcement that outpatient clinic timing does not allow for or for those who have
difficulty attending in-person clinical settings. They are cost effective in communities where long distances
represent a barrier to face-to-face nutritional education; (c) Dietitian-facilitated and -supervised online peer
support programs can promote healthful dietary behaviors. Age and cultural appropriateness of group
participants should be considered; and (d) Online resources and technology-based interventions using smart
phones (E-learning) can be used as platform for teaching and workshops reinforcing nutrition education and
self-management plans

Information compiled from references[1,2,5,12,15,16,19,20,31,45-50,52].

Table 5 Food preparation methods to help lower food contents of potassium and ease restriction intensity

Strategy Tips

Wash and peel the fruit and vegetable
skin to lower potassium content then
chop into small pieces. Peeling reduces
fiber content

Place in cold water so they do not
darken, then rinse in warm water for a
few seconds

Soak for at least 4 h in warm water, then (1) Use ten times the amount of water to the amount of fruits or vegetables; (2) Water may need to be changed

rinse, change the water, and soak for every 4 h for potassium-rich items; (3) Legumes may need to be soaked for 36 h at a ratio of 100 g per 1.5 L

another 12 h (longer for legumes) water with frequent changing of water; (4) Soaking lowers potassium more efficiently in water-rich soft foods
like tomatoes and apples compared to potatoes or chocolate; (5) Soaking fresh potatoes, canned potatoes, and
frozen fries alone without cooking afterward is ineffective in removing potassium; (6) Soaking alone is also
ineffective for potassium removal from bananas, but boiling improves its removal; and (7) Soaking after normal
cooking may increase potassium removal

Rinse afterwards under warm water for
a few seconds before eating or cooking

Cook vegetables with five times as (1) Vegetables can be boiled in conventional cookware, a pressure cookware/autoclave, or microwave oven; (2)

much water as vegetables Potassium-rich items may need to be boiled twice. The double cooking technique; (3) Potassium removal by
cooking shredded potatoes exceeds that of cooking cubed potatoes; (4) Adequate soaking followed be cooking
may allow legume consumption twice weekly. Soaking dried legumes alone is ineffective for potassium
removal; cooking after soaking significantly reduces potassium content. Cook in water at a ratio of 100 g per 1.5
L water (3 L water for dried chickpeas due to the long cooking duration they need). Canned legumes, drained
and rinsed, contain less potassium and phosphorus than dried legumes, and the final contents after soaking and
normal cooking make them a better alternative to the laborious preparation method for dried legumes.
However, precooked legumes often contain salt and/or salt substitutes; (5) Freezing of green beans/chard
(home frozen and industrial frozen) alone does not reduce potassium content. However, it leads to greater
reduction of potassium contents when followed by soaking than soaking fresh ones. Cooking without soaking
reduces potassium content less than cooking of soaked frozen ones. Soaking plus cooking is superior to either
soaking alone or cooking without soaking alone for fresh green beans / chard; (6) Cooking methods that avoid
contact with water (dry heat cooking, steam cooking, dehydration cooking) remove less potassium; and (7)
Aromatic herbs can improve food taste and palatability reduced by peeling and boiling

Information compiled from references[6,19,20,52-60].

by patients with advanced CKD who are not prone to hyperkalemia[5,16]. Table 3 summarizes several strategies that
should be implemented to minimize the risk of hyperkalemia before restricting potassium intake. Table 4 describes the
steps to gradually restrict potassium intake and to minimize the impact of this approach on the patient. Table 5 describes
cooking methods that can help reduce potassium levels in fruits and vegetables to increase the number of permissible
food items.
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CONCLUSION

Although potassium intake restriction is the standard of care in advanced CKD and ESKD, there is a need for the
reevaluation of this approach in CKD patients who do not have hyperkalemia. There are health benefits of a plant-based,
potassium-rich diet, and it is difficult to implement a low-potassium diet. There is scarce and inconsistent data attributed
to dietary potassium in patients with CKD, and the risk of hyperkalemia may have been overstated. Under the
supervision of a skilled dietician, the list of permissible food items may be gradually expanded by introducing
unprocessed and properly prepared plant-based foods, especially those with a low potassium to fiber ratio, to improve
the quality of food intake. Further research on moderate gradual liberalization of potassium intake in patients with CKD
is certainly warranted.
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Abstract

The clinical spectrum of immunoglobulin A vasculitis nephritis (IgAVN) ranges
from the relatively common transitory microscopic hematuria and/or low-grade
proteinuria to nephritic or nephrotic syndrome, rapidly progressive glomer-
ulonephritis, or even renal failure. Clinical and experimental studies have shown
a multifactor pathogenesis: Infection triggers, impaired glycosylation of IgAl,
complement activation, Toll-like-receptor activation and B cell proliferation. This
knowledge can identify IgAVN patients at a greater risk for adverse outcome and
increase the evidence for treatment recommendations.

Key Words: Immunoglobulin A vasculitis nephritis; Immunoglobulin A vasculitis;
Henoch-Schoenlein purpura; Immunoglobulin A nephropathy; Vasculitis, glome-
rulonephritis
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Core Tip: This review summarizes the main mechanisms involved in the pathogenesis of
immunoglobulin A vasculitis nephritis and the recent treatment development, in order to
decrease the risk of kidney disease progression.
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INTRODUCTION

Immunoglobulin A (IgA) vasculitis (IgAV), also known as Henoch-Schoenlein purpura (HSP), is the most common
systemic vasculitis in children. It is defined by the presence of non-thrombocytopenic palpable purpura or petechiae
(mandatory criterion) predominantly located in the lower limbs, plus abdominal pain or IgA deposition in tissue biopsy
or arthritis/arthralgia or renal disease[1,2]. 20%-80% of patients with IgAV develop renal involvement, termed IgAV
nephritis (IgAVN), which is the key element in affecting long-term outcome[3-5].

According to the European SHARE (Single Hub and Access point for paediatric Rheumatology in Europe) plane[6], all
IgAV patients should be investigated for renal involvement at diagnosis and throughout follow-up by measuring blood
pressure, determining the presence of haematuria, quantifying albuminuria and/or proteinuria and, finally, estimating
glomerular filtration rate (eGFR)[7]. If initial tests are normal, they need to be monitored for at least 6-12 mo[8-12]. The
renal biopsy should be performed in the case of impaired eGFR, persistent proteinuria, nephrotic (e.g., severe proteinuria,
low serum albumin levels and oedema) or nephritic (e.g., impaired eGFR, hypertension, haematuria/proteinuria)
syndrome.

This review summarizes some important current aspects of IgAVN and most importantly the understanding of its
pathogenesis and treatment founded on the results of a multitude of clinical and experimental researches.

IGA NEPHROPATHY AND IGAVN

IgA nephropathy (IgAN) is the most common primary glomerulonephritis in children and adults. Exclusive renal
involvement is characterized by a very slow progression, typical of chronic diseases[9]. In contrast, IgAVN is the most
common cause of secondary glomerulonephritis in pediatric age; renal involvement tends to have an acute and self-
limiting course similar to that of post-infectious glomerulonephritis, but if persistent it can lead to chronic kidney disease
and end-stage renal disease approximately 20 years after diagnosis[10,11].

In a retrospective study based on the epidemiological, clinical and laboratory characteristics of IgAV patients, Carucci
et al[12] investigated the initial risk factors for IgAVN development, suggesting that age at diagnosis and abdominal pain
were associated with a higher risk of onset of the kidney disease in pediatric age. However, additional long-term studies
are still needed for the retrospective study type[12].

According to a Japanese study conducted by Komatsu et al[13], IgAVN has two peaks in incidence (1-19 years and 60-
69 years), while IgAN has an isolated peak in incidence during the 4" decade. Compared to IgAN, IgAVN is clinically
more severe (especially considering the parameters of proteinuria and hypoalbuminemia), and histologically more
aggressive, with a higher percentage of proliferative endocapillary glomerulonephritis and crescentic glomerulonephritis
[13].

Despite these differences, several studies have shown that the two diseases share the same pathogenesis, namely a
defect in IgA1 glycosylation[14-16]. In addition, glomerular histologic findings can be identical, ranging from focal prolif-
erative lesions with diffuse mesangial IgA deposits to extracapillary proliferative lesions with crescent formation, making
it sometimes impossible to distinguish IgAN from IgAVN in the absence of extrarenal signs. For this reason, the two
entities have recently been considered to be two different manifestations of the same pathology and in 2012, during the
Chapel Hill Consensus Conference on the nomenclature of vasculitis, it was decided to replace the definition "HSP" with
that of "[gAV", considering it the systemic form of IgAN[17,18].

In an interesting case series by Kamei et al[10], 11% of patients with an initial diagnosis of IgAN subsequently (over a
period ranging from 5 mo to 14 years) developed palpable purpura, which allowed the diagnosis to be changed to
IgAVN, supporting the hypothesis that IgAN and IgAVN are actually two variants of the same disease. In almost all of
these patients, worsening of nephritis was described after the onset of purpura[10]. For this reason, patients diagnosed
with IgAN require careful and prolonged follow-up with special attention to the possible appearance of purpura, a
sometimes nuanced finding that therefore risks going unnoticed[19].

PATHOGENESIS

IgAVN shares many pathophysiological features with IgAN (Table 1). The aim of this review is to update the patho-
genesis of IgAVN by providing more information regarding impaired glycosylation of IgA1l, generation of immune
complexes and their kidney deposition, and finally concerning complement activation and stimulation of the mesangial
cells, which leads to their expansion and cytokine release[20]. Toll-like-receptor (TLR) activation and B cell proliferation,
infection triggers, and genetic factors are also involved in the IgAVN pathogenesis[21].

Infection triggers

Helicobacter pylori[22], Streptococcus pneumoniae and Haemophilus Influenzae[23,24] are the main pathogens associated with
the disease. Infections may be involved in the pathogenesis of IgAVN through two mechanisms. The first is due to the
presence of N-acetylgalactosamine (GalNAc) on the superficial side of pathogens stimulating the output of cross-reactive
IgA and IgG that identify galactose-deficient IgA1 (Gd-IgA1). Alternatively, microbial agents containing antigens similar
to structures on the vessel wall generate a cross-reactive autoantibody response[25].
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Table 1 Mechanism of immunoglobulin A vasculitis nephritis pathogenesis

No. Mechanism of IgAVN pathogenesis

1 Infection triggers (Helicobacter pylori, Streptococcus pneumoniae and Haemophilus Influenzae[22-25]

2 Genetic factors[26-28]

3 Impaired glycosylation of IgA1 (Gd-IgA1)[29-41]

4 Complement activation[42-45]

5, TLR activation and B cell proliferation[46-48]

6 AECASs[49-51]

7 NAPIr[52,53]

8 Elevated plasma levels of IgE, eosinophil activation, higher levels of ECP and renal o-SMA[54-56]

IgAVN: Immunoglobulin A vasculitis nephritis; Gd-IgA1: Galactose-deficient-immunoglobulin A; TLR: Toll-like-receptor; AECAs: Anti-endothelial cell
antibodies; NAPIr: Nephritis-associated plasmin receptor; a-SMA: a-smooth muscle; ECP: Eosinophil cationic protein.

Genetic factors
Little is known yet about the role of genetic factors in the IgAVN pathogenesis, although the presence of ethnic and
geographical differences in the incidence of IgAV and IgAVN would indicate its involvement[26,27]. Furthermore,
several genes involved in cytokine and chemokine production, complement activation, and regulation of endothelium
activity have been implicated in IgAV susceptibility[25,28].

Serum levels of Gd-IgA1 are heritable in both IgAN and IgAVN, indicating that the genetic predisposition to develop
IgAVN and IgAN is the same[16].

Impaired glycosylation of IgA1

IgAVN and IgAN appear to have identical pathophysiology, with only quantitative differences[29]. High levels of IgA
and IgA-containing immune complexes have been observed in both cases. However, this serum abnormality is not a
sensitive marker for diagnosis[30]. IgA1, not IgA2, is the main component of IgAN and IgAVN. The IgA1 molecule has a
hinge region which contains up to six O-linked glycan chains made up GalNac, typically with p1,3-linked galactose (Gal)
attached to it[31,32]. Normally, mono- and di-sialylated Gal-GaINAc disaccharides are present in healthy subjects[33,34].
Elevated levels of Gd-IgA1l have been detected in patients with IgAVN and IgAN, compared with the healthy population
and patients with other glomerular diseases[35]. Therefore, Gd-IgA1 now plays a pivotal role in both IgAN and IgAVN
pathogenesis[36].

It has been reported that these patients have decreased galactosylation of O-glycans, resulting in reduced p1,3-galacto-
syltransferase activity in the peripheral B cells of patients. Reduced B1,3-galactosyltransferase activity leads to a lack of
terminal p1,3-galactosyl residues in the hinge region of IgA1[15,37].

Gd-IgA1l polimer molecules are known to be anti-glycan IgA1 or IgG, resulting in the formation of circulating immune
complexes that are deposited in the renal mesangium and subepithelial and subendothelial space, and which incite
glomerular injury. In IgAVN, IgA deposit can be found not just in the kidney, but also in other sides like the skin, and
larger immune complexes are found compared to IgAN[15]. Deposition of IgAl-containing immune complexes appears
to be mediated by a relationship with mesangial transferrin 1 (CD71) and CD89 receptors, also known as FcoRI, which
may occur as a transmembrane receptor in myeloid cells. These receptors on the mesangial surface are more highly
expressed than in healthy children.

The monomeric IgA can bind, but without crossbinding with FcaRI, leading to anti-inflammatory reactions[38].
Monovalent FcaRI targeting results in the formation of intracellular structures called "inhibisomes", which obstruct the
signaling of nearby activated receptors. This process is referred to as ITAM inhibitory signaling ITAMi) and results in a
downregulation of immune activation. In contrast, IgA immune complexes binding to FcaRI on neutrophils induce
activating ITAM signaling, resulting in multiple pro-inflammatory functions. In addition, the activation of FcaRI induces
the LTB4 chemoattractant release, resulting in neutrophil migration[39,40].

Consequently, after deposition the mesangial cells start to proliferate and produce other components of the
extracellular matrix, and also inflammatory and profibrogenic cells such as cytokines and chemokines[35-41].

Complement activation

The activation of the complement system plays an important role in the pathophysiology of IgAV and IgAVN, including
infection triggers and genetics. Indeed, mesangial deposits contain the complement components C3 and C5-C9, which are
able to form the attack complex that destroys the membrane of target cells[42]. High levels of C3a, C5a and Bb have also
been documented in the serum of pediatric patients with acute IgAV. Cba is a neutrophil chemoattractant that increases
during systemic inflammation. C3a and Cba increase interleukin (IL)-8 secretion by endothelial cells, further attracting
neutrophils.
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More recently, the lectin-related complement activation pathway has also been shown to be involved in IgAVN and
IgAN, as IgA can activate mannan-related lectins[43,44]. In contrast, IgA cannot activate the classic pathway and the main
activator of the classic pathway, Clq, which is not present in immune complexes[45].

TLR activation and B cell proliferation

Another mechanism considered to be responsible for IgAV injury is the hyperreactivity of B and T cells in response to
specific antigenic triggers. TLR signaling is the first line of defense against microbial infection. Hyperactivated TLR
signaling causes cellular inflammatory infiltration that generates cytokines and autoantibodies, leading to autoimmune
diseases[46,47].

TLRs are expressed in numerous cells, including kidney cells. There is increasing evidence to support the role for TLRs
in autoimmune and inflammatory kidney diseases[22].

Donadio et al[48] showed children with IgAV that had significantly increased expression of mRNA encoding for TLR4,
compared with healthy controls. TLR2 mRNA expression showed a borderline increase, while no difference was found in
the expression of mRNA encoding for TLR3 and TLR9. Regulatory T cells (Treg) expressing the transcriptional factor
FoxP3 play a potent anti-inflammatory role. Defective expression of FoxP3 mRNA and reduced expression of trans-
forming growth factor-f1 mRNA were also demonstrated, indicating a defective activity of Treg cells in IgAV[48].

However, it is still unclear if TLR expression is also associated with IgAVN development.

The role of anti-endothelial cell antibodies in IgAVN
Anti-endothelial cell antibodies (AECAs) are a heterogeneous group of antibodies directed to human endothelial cell
antigens. A role of these antibodies in IgAVN has been hypothesized[49]. According to the hypothesis, tumor necrosis
factor-o can increase the binding of IgA1 AECAs to endothelial cells. The latter produce IL-8, leading to neutrophil
migration[50].

The interaction between IgA1 AECAs and FcaRI on neutrophils results in the release of LTB4, inducing neutrophil
recruitment, reactive oxygen species release, neutrophil extracellular traps accompanied by the cell death (NETosis) and
antibody-dependent cellular cytotoxicity. All this leads to vascular injury in the final analysis[51].

Other possible pathogenic mechanisms of IgAVN
Other pathogenetic mechanisms underlying IgAVN need to be further investigated. Masuda et al[52] showed that
nephritis-associated plasmin receptor, a nephritogenic antigen for acute poststreptococcal glomerulonephritis, might
have a pathogenic role in a subgroup of patients with [gAVNI[52].

In a study by Davin et al[29], elevated plasma levels of IgE were found more commonly in patients with IgAN, but the
pathogenetic role of IgE has not yet been clarified. In fact, mast cells are not usually present in the mesangium[24].

Eosinophil activation, higher levels of eosinophil cationic protein (ECP) in serum, and renal a-smooth muscle (0-SMA)
expression have also been proposed as playing a role in the pathogenesis of IgAVN[25].

Observations indicate that enhanced renal a-SMA expression could be an early histological marker of IgAN
progression. Similarly, increased expression of a-SMA in the tubule-interstitial region, but not in glomeruli, has been
associated with bad prognosis[26].

BIOMARKERS

It is currently not possible to predict and identify which children may develop chronic kidney damage from onset. Some
serum and urine markers can identify IgAV patients with or without renal involvement and in predicting the severity of
renal inflammation to avoid chronic damage[53,54]. Measuring biomarkers in urine has many advantages: Samples are
easy to collect using non-invasive methods; urine reflects damages in renal parenchyma, unlike blood, which comes into
contact with many organs and organ systems; the number of different core proteins in the urine is lower than in blood
[55]. In a prospective, multicenter study, Pillebout et al[54] identified biomarkers that may identify IgAVN at the onset of
the disease: Serum Gd-IgA1 level, urine IgA, IgG, IgM, IL-6, IL-8, IL-10, and IgA-IgG and IgA-sCD89 complex levels[54].
A systematic literature review performed by Sugino et al[56] identifies that some clinical and urinary biomarkers
potentially correlate with the presence and severity of IgAVN in children. The most promising preclinical urinary
biomarkers in predicting nephritis are: Kidney injury molecule-1 (KIM-1), monocyte chemotactic protein-1 (MCP-1), N-
acetyl-B-glucosaminidase (NAG), and angiotensinogen. Urinary KIM-1, MCP-1, and NAG correlate with the disease
severity of nephritis (4). However, none of them prove to be established markers of disease. Further studies are needed to
verify whether preclinical markers are better than the currently used ones (24-h urinary protein values, urinary
protein:creatinine ratio and urinary albumin concentration)[55].

TREATMENT

Figure 1 illustrates the integration of the pathogenesis diagram with the drug treatment diagram to reveal the supporting
mechanism of the drugs.

Decisions regarding the treatment of IgAVN are challenging due to the large percentage of patients with a positive
prognosis and the uncertain clinical progression of single patients. Unfortunately, evidence-based treatment is not yet
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Figure 1 Pathogenesis and drug treatment for immunoglobulin A vasculitis and nephritis. Gd-IgA1: Galactose-deficient-immunoglobulin A; AECA:
Anti-endothelial cell antibodies; RAAS: Renin-angiotensin-aldosterone system; ACEI: Angiotensin-converting enzyme inhibitors; ARBs: Angiotensin receptor blockers;
AZA: Azathioprine; MMF: Mycophenolate mofetil; CsA: Cyclosporine A; CYC: Cyclophosphamide; CNls: Calcineurin inhibitors.

available even for the most serious event[1]. In several retrospective studies, delayed therapy has been related to a bad
outcome. Therefore, despite the risk of spontaneous remission, it may be recommended that severely affected patients be
treated as soon as possible.

Recently, the Kidney Disease Improving Global Outcomes (KDIGO) guidelines have mainly highlighted that the
treatment of IgAVN remains a matter of debate and, in the absence of sufficient long-term data, have recommended that
it should be treated in the same way as in patients with non-severe forms of isolated IgAN. However, the KDIGO
guidelines do not take into account the more acute onset of IgAVN with more aggressive lesions in renal histology[57].
According to KDIGO guidelines, IgAVN patients should first receive a supporting care including routine modification
(smoking cessation, weight control, regular exercise and dietary sodium restriction), blood pressure control and a course
of renin-angiotensin system (RAS) blockers without immunosuppressive drugs or steroids. In the opinion of experts, this
approach can result in the undertreatment of glomerular inflammation, mainly because acute and potentially aggressive
glomerular inflammation goes untouched or its immunosuppressed treatment is postponed for several months.

On the contrary, European treatment guidelines consider IgAN and IgAVN as two distinct entities and suggest oral
steroids as a first line therapy in IgAVN. In this regard, the German Society of Pediatric Nephrology has recently
suggested an early treatment approach for patients with important kidney involvement. Following this treatment
suggestion, IgAVN patients with nephritic syndrome, nephrotic syndrome, or glomerular cellular growths will receive an
initial standardized corticosteroid- based treatment regimen for 2 mo, followed by an additional immunosuppression in
patients with inadequate response after 3-6 mo from the start of treatment[58].

Corticosteroids, intravenous or oral, are part of most treatment regimens, and there is some evidence of their positive
result on the long-term outcome of adult IgAN patients. Similarly, other immunosuppressive therapies, such as
azathioprine (AZA), mycophenolate mofetil (MMF), cyclosporine A (CsA), or rituximab, have been shown to be effective
in individual cases or in small series of patients. Cyclophosphamide (CYC) has also been used for more severe manifest-
ations of IgAN (Table 2)[6]. In conclusion, given the rare nature of severe IgAVN, there is a necessity to standardize the
diagnostic and therapeutic approach at least nationally, but ideally multinationally, in order to gain more expertise and
move to evidence-based treatment. Future treatment strategies should be evaluated in large multicenter trials. Figure 2
summarizes the treatments available for IgA vasculitis and nephritis.

Corticosteroids

Several studies highlight a potential beneficial impact of corticosteroids in IgAVN. Oral prednisolone and/or pulsed
methylprednisolone should be used as the earliest treatment in those cases with mild-moderate IgAVN[6]. A
randomized, placebo-controlled trial showed that IgAVN was resolved more quickly in children treated with prednisone
than in those treated with placebo. However, the study offered outcome data only 6 mo after randomization. Hence, it is
unknown whether prednisone treatment reduced the number of cases with persistent IgAVN or simply encouraged a
more rapid resolution of the renal disease compared with the placebo[59]. Kim et al[60] showed that corticosteroid
exposure significantly reduced serum Gd-IgA1 levels, which are associated with the pathophysiology of IgAVN[60].
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Table 2 Treatments according to European treatment guidelines

Class of drugs Ref.
Mild IgAVN First line Corticosteroids: Oral prednisolone [60-62]
Second line (or corticosteroid-sparing Immunosuppressive therapies: Pulsed methylprednisolone or AZA or [6,71,72]
agent) MMEF, CsA
Moderate First line Corticosteroids: Oral prednisolone and/or pulsed methylprednisolone [6,60-62]
IgAVN
Second line (Cortico-dependent and cortico- Immunosuppressive therapies: AZA, MMF, CYC iv [71,72]
resistant forms of IgAVN)
Severe IgAVN  First line Immunosoppresive therapies + corticosteroids: AZA or MMF or CYC, CNIs  [64-66,74-
(Cyclosporin A or Tacrolimus), Rituximab, Plasmapheresis 77]
New drugs: Dapsone, Narsoplimab, Sparsentan [81,82]
RAS blockers (ACEIs and ARBs) should be used in IgAVN as soon as possible [78-80]

ACEI: Angiotensin-converting enzyme inhibitors; ARBs: Angiotensin receptor blockers; IgAVN: Immunoglobulin A vasculitis nephritis; AZA:
Azathioprine; MMF: Mycophenolate mofetil; CsA: Cyclosporine A; CYC: Cyclophosphamide; CNIs: Calcineurin inhibitors.
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Figure 2 Therapeutic algoritm for inmunoglobulin A vasculitis and nephritis. ACEI: Angiotensin-converting enzyme inhibitors; ARBs: Angiotensin
receptor blockers; IgAVN: Immunoglobulin A vasculitis nephritis; AZA: Azathioprine; MMF: Mycophenolate mofetil; CYC: Cyclophosphamide; CNIs: Calcineurin
inhibitors; CsA: Cyclosporine A.

However, no evidence has been found that early treatment with steroids could prevent nephritis in IgAV patients and
reduce the risk of proteinuria in the following 12 mo[61].

Other immunosuppressive therapies

In the cortico-dependent and cortico-resistant forms of IgAVN, other immunosuppressive treatments, such as calcineurin
inhibitors (CNIs), AZA, MMF, CYC, rituximab and plasmapheresis can be considered. AZA, MMF or intravenous CYC
can be used in the first- or second-line management of moderate-severe IgAVNI6].

CNIs should be considered a hopeful agent for the treatment of severe IgAVN. The two CNIs currently on the market
are CsA and tacrolimus. CsA was found to be effective in improving histological lesions and proteinuria in IgAVN
patients[62,63]. In a pilot study of 20 IgAVN children, 12 of whom received tacrolimus treatment reached complete
remission; eight achieved partial remission at the end of 6 mo[64].

Current data are not in favor of CYC use in IgAVN because no statistically significant differences were found in the
group of patients treated with this immunosuppressive drug compared to the group treated with high doses of corticos-
teroid[65,66]. CsA or oral CYC cannot be routinely recommended in moderate IgAVN. Intravenous CYC with pulsed
methylprednisolone and/or oral prednisolone are also required as an earliest treatment in patients with IgAVN[6]. AZA
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appeared to be an effective steroid-sparing drug. This has allowed all steroid-dependent patients to go steroid-free. No
formal guidelines are available for the duration of treatment. In studies no patient has had any adverse events associated
with AZA therapy[67,68].

MMF should be suggested patients with IgAVN, especially if proteinuria still remains after an initial steroid course and
despite antiproteinuric treatment[69,70]. A current meta-analysis has, in fact, reported results combining eight studies
and proposed that patients with IgAN treated with MMF had higher remission than the control group[71]. In association
with steroid therapy, AZA and MMF can be used as a maintenance treatment in those patients with severe IgAVN[6].

Data on the use and efficacy of the anti-CD20 monoclonal antibody rituximab in patients with IgAVN are still limited.
A few case reports have recommended that rituximab could be successful in IgAVN in both pediatric and adult ages,
especially if other oral immunosuppressive treatments have not been able to induce remission[72,73].

Finally, there is plasmapheresis, which can be used as a rescue therapy in cases of rapid progression to renal failure or
persistent nephrotic syndrome. Interestingly, early plasmapheresis has been useful in some patients even without
additional immunosuppression[74,75].

RAS blockers

Numerous data suggest that RAS blockers such as angiotensin-converting enzyme inhibitors/angiotensin receptor
blockers should be used in IgAVN and as soon as possible. Prospective randomized trials have shown that the use of
these drugs improves long-term renal issues in children and adults and prevents/Limits secondary glomerular injury in
patients with persistent proteinuria[76-78].

New drugs

Dapsone is a drug that could be considered for the treatment of IgAVN because it can suppress the development of toxic-
free radicals by neutrophils. It also reduces the output of IgA antibodies, an essential phenomenon in the
pathophysiology of IgAVNI[79,80].

A phase II study recently demonstrated the safety, tolerability, and efficacy of narsoplimab, a novel Mannan-binding
lectin-associated serine proteinase 2 inhibitor. It is a humanized monoclonal antibody that inhibits the lecithin pathway
target of the complement system and seems to result in a clinically significant reduction in proteinuria and the stability of
renal function as evaluated by eGFR in high-risk patients with IgAN[81].

A clinical trial is being conducted to evaluate the use of sparsentan as a potential first-line treatment in patients with
newly diagnosed IgAN who have not received previous treatment with RAS blockers. Treatment response will be based
on endpoints of proteinuria and GFR and will be assessed by changes from the baseline compared to another treatment
[76].

Many studies have shown the renoprotective role of sodium-glucose cotransporter 2 (SGLT2) inhibitors in early to
advanced diabetic kidney disease. Recent evidence show that SGLT2 inhibitors are similarly renoprotective in non-
diabetic chronic kidney disease, such as IgAN, in a wide range of eGFR of 25-75 mL/min/1.73 m? and albumin/
creatinine ratio of 200-5000 mg/ g[82,83].

INTERVENTIONS FOR PREVENTING IGAVN

According to a recent Cochran study on the prevention and treatment of IgAVN, studies have shown no benefit of
prednisone with respect to placebo or no treatment in preventing persistent kidney disease in children without or with
little kidney disease at the time of onset[61].

CONCLUSION

According to the European SHARE initiative, only follow-up is required for patients with microscopic haematuria, no
renal disorder and proteinuria, or with non-persistent mild or moderate proteinuria. In the case of severe proteinuria or
impaired GFR, a paediatric nephrologist must be consulted and a renal biopsy performed. In the case of mild IgAVN, oral
prednisolone should be used as a first-line treatment. In some patients with persistent proteinuria, the addition of AZA or
MMF, CsA or pulsed methylprednisolone, may be used as a second-line treatment or as a corticosteroid- sparing agent.
For patients with moderate IgAVN, oral prednisolone and/or pulsed methylprednisolone should be used as earliest
treatment. Addition of AZA, MMF or intravenous CYC may also be used in the first- or second-line treatment of
moderate nephritis, according to the histological findings in the kidney biopsy. For severe IgAVN, intravenous CYC with
pulsed methylprednisolone and oral prednisolone should be used as a first-line treatment. AZA/MMF plus steroid
therapy can be used as a second life[6].
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Abstract

Acute kidney injury (AKI) is a clinical syndrome characterized by a rapid increase
in serum creatinine levels or a decrease in urine output or both. In spite of
thorough history-taking, physical examination, and laboratory analysis, there are
limitations in the diagnostic process and clinical monitoring of AKI. Point-of-care
ultrasonography (POCUS), a limited ultrasound study performed by clinicians at
the bedside, has emerged as a valuable tool in different clinical settings. In this
discussion, we explore the potential of POCUS performed by nephrologists to
address specific questions encountered in the diagnosis and management of AKI
patients. POCUS not only aids in excluding hydronephrosis but also provides
real-time insights into hemodynamics, enabling formulation of individualized
treatment plans. Further studies are required to assess the impact of multi-organ
POCUS on pragmatic patient outcomes related to AKI, as well as its potential in
risk stratification and identification of different levels of AKI severity and
pathophysiological signatures.

Key Words: Ultrasound; Point-of-care ultrasonography; Doppler; Venous excess Doppler
ultrasound; Congestion; Hemodynamics; Heart failure; Nephrology
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Core Tip: Point-of-care ultrasound, not limited to kidney is a valuable addition to
nephrologists’ toolkit, which enhances diagnostic accuracy and guides therapy when
properly integrated with clinical and laboratory parameters.
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INTRODUCTION

Acute kidney injury (AKI) is characterized by a rapid rise in serum creatinine or decrease in urine output or both. It is a
clinical syndrome resulting from a variety of hemodynamic, toxic, and structural insults to the kidney, poses a challenge
in terms of diagnosis and clinical monitoring, impacting patient outcomes[1,2]. Despite thorough history-taking, physical
examination, and laboratory analysis, there are gaps in the diagnostic process and management of AKI. Point-of-care
ultrasonography (POCUS) is a limited bedside ultrasound study performed by clinicians as an adjunct to physical
examination intended to answer focused clinical questions. There is a growing body of evidence supporting the effect-
iveness of POCUS in diverse clinical scenarios[3]. As a result, its integration into medical school curricula is becoming
more prevalent, and subspecialties are actively working to keep pace with this advancement. In this review, we explore
the potential of nephrologist-performed POCUS in addressing specific diagnostic and management questions in AKI
patients. From ruling out hydronephrosis to providing real-time hemodynamic insights, integrating POCUS into patient
evaluation allows for a comprehensive assessment and the development of individualized treatment plans.

DEFINITION AND CLASSIFICATION OF AKI

According to the Kidney Disease Improving Global Outcomes clinical practice guideline, AKI is defined as an increase in
serum creatinine by = 0.3 mg/dL within 48 h or increase to > 1.5 times the baseline value within the past 7 d or urine
volume < 0.5 mL/kg/h for a duration of 6 h[4]. AKI can be classified into three main categories based on etiology:
Hemodynamic causes, urinary tract obstruction, and intrinsic renal diseases. Hemodynamic causes are associated with
impaired renal perfusion, while urinary tract obstruction refers to blockages that prevent normal urine flow. Intrinsic
renal diseases involve conditions affecting the kidney's internal structures, such as glomerulonephritis or tubulointer-
stitial diseases. It is important to highlight that what was previously termed prerenal AKI is now referred to as
hemodynamic AKI. While prerenal logically suggests any insult occurring before the kidney, it is often misunderstood in
clinical practice and used synonymously with volume depletion-related AKI. This narrow interpretation disregards other
important factors, such as congestive nephropathy resulting from volume excess or conditions associated with
compromised blood supply or renal vasoconstriction. Therefore, the term hemodynamic AKI is more comprehensive and
encompasses all conditions that can adversely affect renal perfusion. Furthermore, it is noteworthy that while above
classification provides a basic framework, AKI etiology in clinical practice is often more complex, with multiple
pathologies coexisting. In certain contexts, it may be more appropriate to use a syndrome-based nomenclature, such as
cardiorenal, hepatorenal, hepatocardiorenal, or sepsis-associated AKI, to better describe the underlying conditions[1,5].
To maintain simplicity, we will describe the role of POCUS using broad categories of AKI in this review.

POCUS IN HEMODYNAMIC AKI

Accurate assessment of fluid status, or more specifically, hemodynamic assessment, is crucial in the management of
hemodynamic AKI. Unfortunately, conventional physical examination lacks sensitivity in this regard, and the intro-
duction of POCUS has significantly improved bedside evaluation[6,7]. POCUS, when performed and interpreted by a
skilled practitioner, provides comprehensive information about the entire hemodynamic circuit, and enables informed
decision-making regarding the requirement for volume resuscitation or decongestive therapy. The outdated approach of
administering intravenous fluids in a trial-and-error manner when volume status is uncertain is no longer justifiable in
the era of POCUS. This holds significant importance, especially considering the growing recognition of the detrimental
effects of fluid overload on renal and overall outcomes in conditions such as heart failure and critical illness. For instance,
in a recent systematic review and meta-analysis including 31076 critically ill patients, for every liter increase in positive
fluid balance, the risk of mortality increased by a factor of 1.19 [95% confidence interval (CI): 1.11-1.28][8]. Although
association does not imply causation, it is crucial to approach intravenous fluids as medications and administer them
only when there is a clear indication. Notably, a recent clinical trial demonstrated the safety of a restrictive fluid
management strategy in patients with septic shock, as compared to standard care (i.e., liberal strategy). Although the
outcome did not show superiority in the restrictive group, it is worth mentioning that the liberal group received
significantly less fluid compared to previous studies that demonstrated harm, with a median of 3.8 liters[9]. In the context
of heart failure, the significance of venous congestion causing renal dysfunction i.e., congestive nephropathy is often
overlooked in comparison to the forward flow hypothesis, which implicates inadequate cardiac output. However,
multiple studies have indicated that elevated central venous pressure (CVP) is associated with deteriorating renal
function, even in the presence of preserved cardiac index[10,11]. Conversely, a decrease in glomerular filtration rate
(GFR) is observed in heart failure primarily in cases of extremely low cardiac output. For example, in one study, patients
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were categorized into three groups based on their cardiac index (CI): CI > 2.0 L/min/m? (group A), CI: 1.5 to 2.0 L/min/-
m? (group B), and CI < 1.5 L/min/m? (group C). While all groups exhibited a decrease in the renal fraction of cardiac
output and renal blood flow, a significant reduction in GFR was observed only in group C[12].

Our group has previously introduced a goal-directed POCUS strategy for hemodynamic assessment known as the
pump, pipes, and the leaks[13]. The pump refers to focused cardiac ultrasound, pipes represent ultrasound evaluation of the

inferior vena cava (IVC) and venous Doppler, while the leaks involve assessing extravascular lung and abdominal fluid
(Figure 1).

The pump

The performance and efficiency of the heart directly impact blood flow, organ perfusion, and function. As such, a
comprehensive hemodynamic assessment involves evaluation of various cardiac parameters that determine forward flow
as well as backward congestion. A subjective assessment of left ventricular (LV) size and motion can provide a qualitative
estimate of ejection fraction (EF). This eyeballing method has proven to be reasonably accurate when performed by non-
cardiologists with minimal training[14]. Additionally, other parameters such as pericardial effusion, valvular
dysfunction, and chamber enlargement can be evaluated. Right ventricular (RV) enlargement and interventricular septal
flattening are associated with volume overload and/or pressure overload, resulting in a D-shaped LV appearance in the
parasternal short axis cardiac view. RV enlargement is often accompanied by functional tricuspid regurgitation, which
further contributes to RV overload and increased right atrial pressure (RAP), which can be estimated by IVC POCUS[15,
16]. Nephrologists trained in Doppler applications can assess stroke volume at the bedside by measuring LV outflow tract
velocity time integral (LVOT VTI) providing insight into cardiac index, which can be used to distinguish between
hypovolemia and euvolemia and low vs high cardiac output states (allows for differentiation between patients who
would benefit from intravenous fluids and those who require vasopressors or inotropes). In select patients, LVOT VTI can
also be used to determine fluid responsiveness, potentially avoiding excessive fluid administration. Furthermore, ability
to perform Doppler POCUS enables the evaluation of LV filling pressures, aiding in the titration of diuretic therapy in
outpatient settings. For example, in a study involving 1135 patients with heart failure with reduced EF, the group whose
management was guided by assessing LV filling pressures and B-type natriuretic peptide levels exhibited a lower
incidence of death [hazard ratio (HR): 0.45, P < 0.0001] and death or worsening renal function (HR: 0.49, P < 0.0001)
compared to the standard care group during a median follow-up period of 37.4 mo[17]. Similarly, RV outflow tract
Doppler and trans-tricuspid Doppler measurements offer valuable information on pulmonary artery pressures and may
help distinguish between precapillary and postcapillary pulmonary hypertension[18-20]. By combining the measurement
of LVOT VTI with these Doppler assessments, we can potentially identify patients with AKI who would benefit from
further volume removal vs those who may require pulmonary vasodilator therapy. This approach allows for a more
targeted and individualized treatment strategy based on the specific hemodynamic profile of each patient.

The pipes

IVC ultrasound: Estimating RAP using IVC size and collapsibility is a standard component of comprehensive echocardi-
ography. In spontaneously breathing patients, the current guidelines recommend the following stratification for RAP. If
the maximal anteroposterior diameter of IVC is less than 2.1 cm with more than 50% collapse during a sniff, RAP is
estimated to be around 3 mmHg (ranging from 0 to 5 mmHg). If the IVC is larger than 2.1 cm and exhibits less than 50%
collapse, RAP is recorded as 15 mmHg (ranging from 10 to 20 mmHg). In cases where the IVC parameters do not align
with this classification, an intermediate value of 8 mmHg (ranging from 5 to 10 mmHg) is assigned. However, the
correlation between IVC parameters and RAP measured through right heart catheterization is modest at best and may not
be applicable to mechanically ventilated patients[21-23]. It is also unreliable in conditions such as intraabdominal
hypertension. Moreover, IVC POCUS is susceptible to various technical challenges such as cylinder effect, limiting its
practical usefulness, particularly when interpreted in isolation[24]. Nevertheless, the assessment of IVC can still serve as
an indicator of fluid tolerance, as an engorged IVC often indicates elevated RAP in patients with a high likelihood of fluid
overload. In other words, such patients have increased right-sided filling pressures and may not tolerate intravenous
fluid administration.

Alternatives to IVC ultrasound: POCUS of other systemic veins such as the internal jugular vein (IJV) and superior vena
cava (SVC) can be utilized for non-invasive estimation of RAP, particularly when the IVC is not accessible or unreliable (
e.g., liver disease, abdominal surgery). Most clinicians are familiar with estimating jugular venous pressure through
visual inspection of IJV, but it lacks sensitivity; the use of POCUS enables improved identification of the vein. In a recent
study, an IJV maximal diameter of > 1.2 cm or respiratory variation in diameter of < 30% showed specificity > 70% for
elevated filling pressure (RAP = 10 mmHg). Combining IJV POCUS with physical examination improved the combined
specificity to 97% for RAP 210 mmHg[25]. In another study, less than 17% increase in the cross-sectional area of the right
IJV with Valsalva maneuver predicted an elevated RAP (> 12 mmHg) with 90% sensitivity and 74% specificity[26]. In
patients with cirrhosis, Leal-Villarreal et al[27] found that IJV POCUS predicts RAP better than IVC. Interestingly,
satisfactory IVC images were not attainable in 18% of the cases[27]. SVC provides comparable information about RAP
since it is another vessel that enters the right atrium like IVC. However, it's not routinely used in point of care settings as
transesophageal echocardiography is generally needed to obtain reliable images of the vessel. Nevertheless, Doppler
ultrasound of the SVC through the subcostal transthoracic window is emerging as a viable alternative[28].

Venous congestion assessment by Doppler ultrasound: The assessment of Doppler patterns in abdominal veins has
been a subject of study for several decades. However, it was not until 2020 that Beaubien-Souligny et al[29] introduced the
concept of venous excess ultrasound or Venous Excess Doppler UltraSound (VExUS), which has significantly transf-
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ormed our noninvasive evaluation of congestion at the bedside. Among their group of patients who underwent cardiac
surgery, it was observed that the occurrence of significant flow abnormalities in two or more veins (hepatic, portal, and
kidney parenchymal veins) combined with an enlarged IVC (= 2 cm) proved to be a more effective predictor of AKI risk
(HR: 3.69; 95%CI: 1.65-8.24; P = 0.001) compared to isolated CVP measurements[29]. In other words, direct assessment of
venous congestion using Doppler ultrasound offers more comprehensive information regarding congestive organ injury
compared to isolated ultrasound of the IVC or IJV. Additionally, since these waveforms are dynamic in nature, VExUS
serves as a valuable bedside tool for monitoring the effectiveness of decongestive therapy in real time[30-32]. Figure 2
depicts the transformation of individual Doppler waveforms with increasing RAP as well as the VExUS grading system.
It is important to highlight that VExUS is not limited to cardiac surgery or heart failure patients. A recent study by Rihl et
al[33] demonstrated its applicability in an unselected cohort of patients admitted to the medical intensive care unit. The
study found that patients who had reduction in their VExUS score through decongestive therapy had a significantly
higher number of days free from renal replacement therapy at Day 28 compared to those who did not achieve a reduction
(28 vs 15, P = 0.012). Moreover, CVP alone was unable to distinguish between patients with no/mild congestion and those
with severe congestion[33]. VExUS is determined by both RAP and venous compliance, making it a comprehensive
measure of venous congestion. Merely measuring RAP alone does not necessarily provide information about the extent of
venous congestion.

Extended VExUS: The concept of E-VExUS, or extended VExUS, has been introduced to incorporate Doppler evaluation
of additional veins like the internal jugular, SVC, splenic, and femoral veins[34]. Figure 3 depicts components of E-
VExUS. This extension is particularly useful when the primary veins have certain limitations (such as hepatic and portal
veins in cirrhosis or intrarenal veins in advanced kidney disease). Like the components of the original VExUS, these veins
have also been studied individually and demonstrated their usefulness in identifying elevated RAP[28,35-38]. Lately,
there has been a surge in interest regarding femoral vein Doppler because of its relatively straightforward image
acquisition process. In a recent study, the accuracy of both VExUS score and femoral vein Doppler in detecting venous
congestion was reported as 80.37 (95%ClI: 71.5-87.4) and 74.7 (95%Cl: 65.4-82.6), respectively[39]. Nevertheless, the use of
E-VExXUS is still in the early phases of implementation, and further data are required to determine its clinical utility in
routine practice.

Renal arterial resistive index: In principle, the measurement of intra-renal arterial resistive index (RI) is an appealing
method to assess renal perfusion, and it has been studied in various clinical scenarios such as heart failure, septic shock,
and hepatorenal syndrome, showing some usefulness[40-43]. The RI is calculated using the formula (peak systolic
velocity-end diastolic velocity)/peak systolic velocity within a given cardiac cycle (Figure 4A). However, the RI is
influenced by multiple renal and non-renal variables including pulse pressure, heart rate, arteriosclerosis, vasocon-
striction, venous congestion, underlying chronic kidney disease, valvular diseases like aortic stenosis, as well as
medications, which limits its practical utility[44]. RI has also been a subject of interest in the evaluation of renal artery
stenosis (RAS), but its diagnostic value remains non-specific. In our clinical practice, we rely on computed tomography
(CT) or magnetic resonance angiography to evaluate patients with uncontrolled hypertension and a high suspicion for
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RAS instead of POCUS. However, in some cases of RAS, a Tardus parvus waveform may be noted by the POCUS-
performing physician, which should prompt further investigation. It is characterized by a slow upstroke and rounding of
the systolic peak, relatively specific for RAS when found, resulting from proximal stenosis and reduced blood flow
(Figure 4B). Additionally, based on our experience, there is significant variability both between different operators and
within the same operator when reporting the RI, making it less reliable for monitoring response to therapeutic
interventions in the point of care settings. Moreover, intrarenal Doppler in general is technically challenging to perform in
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Figure 4 Intrarenal Doppler demonstrating normal waveforms, Tardus Parvus waveform in a case of renal artery stenosis. A: Normal
waveforms; B: Tardus Parvus waveform.

critically ill patients. On the contrary, intra-renal venous Doppler is a more reproducible and less error-prone method due
to its qualitative nature, which involves waveform analysis without the requirement for precise measurements.
Moreover, venous congestion may explain the elevated RI observed in patients with volume overload, as it increases the
resistance to arterial diastolic flow.

The leaks

POCUS is a sensitive bedside tool to detect extravascular lung water and ascites, both of which have important manag-
ement implications in the treatment of AKI (e.g., determine the amount of ultrafiltration in patients requiring renal
replacement therapy, titrate diuretic dosing, gauge fluid tolerance when contemplating intravenous fluid therapy or
assess the need for therapeutic paracentesis). In a systematic review and meta-analysis including a total of 8 studies
reporting on 2787 patients, lung POCUS was found to be more sensitive (91.8% vs 76.5%) and specific (92.3% vs 87.0%)
than chest radiography for the detection of cardiogenic pulmonary edema([45]. Similarly, lung POCUS has been shown to
detect small pleural effusions with a higher diagnostic accuracy than lateral decubitus chest radiography[46]. With
respect to ascites, the superiority of ultrasound to physical examination and radiography has been long recognized[47].
Notably, unlike Doppler ultrasound, both these sonographic applications are much easier to learn with short training.
Figure 5 provides an Overview of common ultrasound findings in nephrology-relevant hemodynamic phenotypes.

POCUS IN INTRINSIC RENAL AKI

The usefulness of POCUS in determining the underlying cause of intrinsic AKI is limited. Parameters such as cortical
echogenicity, thickness and renal length can provide some insights when considered in the appropriate clinical context
but lack specificity (Figure 6)[48]. For instance, in cases where the baseline serum creatinine is unavailable, a small kidney
size and increased cortical echogenicity may suggest a lower likelihood of treatable disease[49]. Conversely, enlarged
kidneys with preserved parenchymal thickness and increased cortical echogenicity must prompt further investigation for
infiltrative diseases like amyloidosis and malignancy, although these findings alone are not diagnostic. Of note, increased
cortical echogenicity is seen in any renal parenchymal disease, regardless of acute or chronic process (e.g., acute tubular
necrosis, acute interstitial nephritis, acute glomerulonephritis, and chronic kidney disease)[50].

POCUS IN OBSTRUCTIVE AKI

Clinicians skilled in POCUS can easily identify urinary obstruction through bedside POCUS, leading to prompt diagnosis
and timely intervention to relieve the obstruction, thereby preventing a decline in GFR. In one study, internist-performed
POCUS demonstrated a sensitivity of 90% and a specificity of 100% for urinary tract obstruction in patients with AKI.
Furthermore, the negative predictive value was 99%, indicating that it is a valuable tool that can potentially reduce the
need for departmental ultrasound[51]. Similarly, in a study performed in the emergency setting, when compared to the
consensus radiology interpretation of POCUS as the reference standard, emergency physicians demonstrated an overall
sensitivity of 85.7% (95%Cl: 84.3%-87.0%), specificity of 65.9% (95%CI: 63.1%-68.7%), positive likelihood ratio of 2.5
(95%CI: 2.3-2.7), and negative likelihood ratio of 0.22 (95%CI: 0.19-0.24) for detecting hydronephrosis[52]. On a note of

WIN | https://www.wjgnet.com 98 September 25,2023 | Volume12 | Issued |

Jaishideng®



Underfill (volume depletion)

) A-lines (horizontal artifacts)
Lung US
* Hyperdynamic LV

* Low stroke volume
(estimated by LV outflow

tract velocity time integral)
| Relatively preserved right
/ and left ventricular ratio (RV

cavity is less than two-thirds

us of the LV in apical view)

* Small, collapsible IVC
(suggestive of low RAP)

* Not indicated when the RAP

> is not elevated
; § ‘ + Otherwise, expected to be
- ) normal. Hepatic vein Doppler

may show fusion of S and D-

B-lines (vertical artifacts)
Pleural effusions

Decreased LV systolic motion (if systolic
heart failure is the etiology)

Stroke volume low (in systolic heart
failure) or high-normal

Dilated right ventricle

Interventricular septal flattening on short
axis view (predominantly in diastole
[volume overload] or both systole and
diastole [pressure overload])

Plethoric IVC (high RAP)

Hepatic vein: S-wave < D-wave or S-
reversal

Portal vein: Increased pulsatility
Renal parenchymal vein: Increased

Batool A et al. POCUS in acute kidney injury

Overfill Systemic vasodilation

A-lines

Hyperdynamic LV
Supra-normal stroke
volume (high output state)
Relatively preserved right
and left ventricular ratio
Small, collapsible IVC

Not indicated if IVC is small
In patients with cirrhosis
and portal hypertension,
portal vein can be pulsatile

VE ity Q. -
xUS oA pulsatility, S-reversal without an elevated RAP
y « Above phenotypes are not exclusive; can co-exist in the same patient depending on the clinical scenario
" * Plethoric IVC could be due to volume or pressure overload; exclude pulmonary embolism, pericardial effusion
Additional ) L X L N .
points « IVC can be small despite high right atrial pressure in intra-abdominal hypertension

Suboptimal/off-axis cardiac views are a frequent source of error in estimating stroke volume and chamber size

Figure 5 Overview of common ultrasound findings in nephrology-relevant hemodynamic phenotypes. Systemic vasodilation is frequently seen in
patients with liver cirrhosis or early sepsis and renal dysfunction. Underfill phenotype primarily denotes volume depletion. IVC: Inferior vena cava; LV: Left ventricle;
RAP: Right atrial pressure; US: Ultrasound; VExUS: Venous excess Doppler ultrasound. Citation: Taleb Abdellah A, Koratala A. Nephrologist-Performed Point-of-
Care Ultrasound in Acute Kidney Injury: Beyond Hydronephrosis. Kidney Int Rep 2022; 7: 1428-1432. Copyright© 2022 International Society of Nephrology.
Published by Elsevier Inc. (corresponding author’s prior open access publication).

RT kidney long

Rt kidney long 13.7 cm
Rt kidneyap 4.09cm |

SAG RT kid

Figure 6 Renal sonogram demonstrating (A) large hyperechogenic kidney in a patient with multiple myeloma and (B) thin parenchyma
approximately 1 cm in a patient with chronic kidney disease (normal parenchymal thickness: 1.5-2 cm). Citation: Koratala A, Bhattacharya D,
Kazory A. Point of care renal ultrasonography for the busy nephrologist: A pictorial review. World J Nephrol 2019; 8: 44-58. Copyright© The Author(s) 2019.
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caution, novice POCUS users should be aware of common ultrasound findings that can mimic hydronephrosis, including
parapelvic cysts, extrarenal pelvis, and vascular malformations[53]. Figure 7 illustrates sonographic appearance of
hydronephrosis and its qualitative grading. POCUS also allows timely identification of urinary bladder abnormalities
such as urine retention, blocked or misplaced Foley catheter, urinary stones, masses, and prostatomegaly[50].

CONCLUSION

Multi-organ POCUS serves as a valuable complement to physical examination when evaluating AKI. While the use of
POCUS by nephrologists has gained attention, several practical challenges exist. Currently, only a small number of
nephrology fellowship programs provide comprehensive training in diagnostic POCUS beyond kidney ultrasound[54]. A
significant barrier to widespread training is the limited availability of faculty who are proficient in ultrasound and have
dedicated time for teaching. It is crucial for professional societies to collaborate in developing standardized guidelines,
competency standards, and methods for ongoing training to support POCUS training in nephrology. While current
studies mainly focus on initial training, additional research is needed to determine the optimal strategies for longitudinal
training to maintain proficiency in POCUS skills. Additionally, while POCUS examinations ideally only take a few extra
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minutes, the cumulative time burden for physicians with heavy patient loads should be considered. Another priority is
the development of practical POCUS protocols tailored to specific areas of clinical need, such as the evaluation of
hyponatremia, hepatorenal syndrome, and cardiorenal syndrome. For example, Figure 8 presents a sample protocol
outlining the evaluation of patients with hepatorenal dysfunction using the aforementioned sonographic applications
[55]. This protocol serves as a visual guide, illustrating the step-by-step approach for utilizing POCUS in guiding
management of these patients. Finally, it is important to acknowledge that performing POCUS without proper training or
overestimating one’s skills, as well as the capabilities of the equipment, can potentially lead to misdiagnosis and patient
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2023 Research of all published papers on “Simulation in Urolithiasis” was performed
through PubMed database over the last 26 years, from January 1997 to December
2022. Papers were labelled and divided in three subgroups: (1) Training papers;
(2) Clinical simulation application or surgical procedures; and (3) Diagnostic
radiology simulation. Each subgroup was then divided into two 13-year time
periods to compare and identify the contrast of different decades: period-1 (1997-
2009) and period-2 (2010-2022).

RESULTS
A total of 168 articles published on the application of simulation in urolithiasis
over the last 26 years (training: n = 94, surgical procedures: n = 66, and radiology:
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n = 8). The overall number of papers published in simulation in urolithiasis was 35 in Period-1 and 129 in Period-2,
an increase of +269% (P = 0.0002). Each subgroup shows a growing trend of publications from Period-1 to Period-2:
training papers +279% (P = 0.001), surgical simulations +264% (P = 0.0180) and radiological simulations +200% (P =
0.2105).

CONCLUSION

In the last decades there has been a step up of papers regarding training protocols with the aid of various
simulation devices, with simulators now a part of training programs. With the development of 3D-printed and
high-fidelity models, simulation for surgical procedure planning and patients counseling is also a growing field
and this trend will continue to rise in the next few years.

Key Words: Kidney calculi; Urolithiasis; Simulation; Ureteroscopy; Percutaneous nephrolithotomy; Artificial intelligence
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Core Tip: The role of simulation training in the management of kidney stones has evolved. There has been a step up of papers
regarding training protocols with the aid of various simulation devices, with simulators now a part of training programs.
With the development of three-dimensional printed and high-fidelity models, simulation for kidney stone procedure planning
and patients counseling is also a growing field and this trend will continue to rise in the next few years.
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INTRODUCTION

Minimally invasive techniques for treatment of urinary stones requiresexpertise, experience and endoscopic skills[1]. The
learning curve to gain precision and accuracy in endoscopic procedures such as ureteroscopy (URS) and percutaneous
nephrolithotomy (PCNL), and shockwave lithotripsy (SWL), has proven to be steep, leading to the need for training in
non-operating settings[2]. Simulators provide a low-stress and low-risk environment while providing a realistic set-up
and training opportunities and example of endoscopic procedures[3].

Different types of simulators can be found in the literature, with various degrees of fidelity or realism, and varying in
costs[4]. Benchtop simulators are inanimate models that come cheap and are widely available, reusable and portable.
Being useful for mastering the use of endoscopic instruments, these models are yet not as realistic and seem to be more
appropriate for novice surgeons[5]. Realistic ex-vivo models, for example animals or human cadavers would in fact be
more appropriate for advanced training, who need to master more intricate steps and advanced procedures[6].

Animal and cadaver simulators have greater costs than inanimate devices, can only be used once, and can have ethical
issues[7]. The most recently developed type of simulators is based on virtual reality (VR), a computer-based simulation
model that can mimic basic procedures as well as advanced interventions, being realistic and able to instantly give
feedback to the trainees[8]. VR is a reusable simulator with amazing applicability but has high purchase costs and
unreliable haptics.

Numerous studies have been performed on application of simulators in training of residents and expert surgeons, with
focus on costs, performance, learning curve and standardized protocols[9]. As gathered from data, simulators are
increasingly relied on for urology resident training worldwide[10].

Nonetheless, VR simulators, benchtop and three-dimensional (3D) printed models are now being used as tools to
improve performance of endoscopic procedure in a patient-specific settings[11], for example developing a case-specific
surgical planning before entering the operation theatre or simulating outcomes of different approaches. In particular,
several studies reported the application for preoperative simulated puncture in complex PCNL, on different simulator
models[12]. Moreover, simulators can be used to study performance and comparison of different instruments as laser
fibers and their settings, endoscopic baskets or flexible scopes, without risking endangering patients in an in-vivo surgical
procedure[13].

As a tool for enhancing patient-surgeon relationship and counseling, simulators have even been used to improve
patient understanding of the disease and surgical procedure, resulting in higher levels of postoperative satisfaction[14].

The increasing trend of application of artificial intelligence and its subsets in the management of urolithiasis has
already been investigated, with promising results[15]. It appears that the application of simulators is spreading in the
urologic scientific community, from training to research and surgical planning. In this comprehensive review, we aim to
report the publication trend of ‘simulation in urolithiasis” over the last 26 years.
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MATERIALS AND METHODS

Research of all published papers on “Simulation in Urolithiasis” was performed through PubMed database over the last
26 years, from January 1997 to Dec 2022, using MeSH terms, title words, and key words (Figure 1).

Search strategy and study selection

Cochrane methodology and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines were followed to shape the study design[16]. All papers with relevant abstracts were identified through search
on online database PubMed from 1997 to 2022.

Keywords used for searching included: “Urolithiasis”, “Kidney calculi” and “Stones”. MESH terms used in this
screening process were: “Simulation”, “Virtual Reality”, “Augmented Reality” “Mixed Reality”, “URS Simulation”,
“PCNL Simulation”, “SWL Simulation”, “3D printing”, “Training”, “Training box”, “Bench Training”, “Phantom” and
“Bench model”. All English and non-English abstracts were screened as there was no language restriction in the study.
Systematic and non-systematic reviews were included in the study. Studies without a published abstract were excluded,
as well as animal studies, human cadaveric studies and case reports.

After screening and extraction, papers were label according to subject: Training papers, studies on clinical applications
or surgical procedures (surgical: URS, PCNL, SWL; instruments performance: Ureteral stent, scope, lithotripter, laser),
studies of diagnostic (radiology) simulation on phantoms.

To better analyze the trend variation, papers were divided according to time of publication into two time periods:
Period-1 (1997-2009) and Period-2 (2010-2022).

Evidence acquisition: criteria for including studies for this review

Inclusion criteria: All English language studies with a published abstract; All non-English studies with abstracts
published in the English language; Studies reporting on simulation in urolithiasis: Training simulations with box
simulators, phantoms for both diagnostic and therapeutic procedures; Simulations device for surgical planning (URS,
PCNL, SWL) and patient-specific simulation; Studies of surgical performance using simulators (scopes, ureteral stents,
laser fibers, lithotripters).

Exclusion criteria: Studies without a published abstract; Studies for non-urolithiasis conditions; Studies on human
cadavers or animals; Case reports and meeting abstracts.

Two authors (C.N., V.].) independently performed a literature search to identify studies and discrepancies were
resolved after input and discussion with the senior author (B.K.S). Extracted articles on simulation were then divided in
three subgroups according to field of interest: (1) Training; (2) Clinical application; and (3) Radiology simulation
(Figure 2). Each subgroup was then divided into two 13-year time periods to compare and identify the contrast of
different decades: Period-1 (1997-2009) and Period-2 (2010-2022).

Data were collected using Microsoft Excel (version 2007), analyzed through the independent t test. A statistically
significant threshold level was stated at P < 0.05 to rule out possible difference in the data collected form Period-1 vs
Period-2.

RESULTS

Overall number of papers

A total of 168 articles published on the application of simulation in urolithiasis over the last 26 years (training: n = 94,
surgical procedures: n = 66, and radiology: n = 8). 164 papers were published in English; only 4 articles had an English
language abstract and a non-English full paper: 1 in Chinese, 1 in French, and 2 in Russian.

For training procedures, articles included URS training (n = 53), PCNL training (n = 22) or simulation training for both
these procedures (1 = 19). Clinical application of simulation in surgical procedures included articles on URS (n = 29),
PCNL (n = 26), SWL (n = 5) and ureteral stenting (n = 6). Regarding radiological simulations with phantoms, articles were
found with application on diagnostic procedures (n = 5) and intraoperative imaging features (n = 3).

The overall number of papers published in simulation in urolithiasis was 35 in Period-1 and 129 in Period-2, with a
significant increase of +269% (P = 0.0002). Each subgroup shows a growing trend of publications from Period-1 to Period-
2: training papers +279% (P = 0.001), surgical simulations +264% (P = 0.0180) and radiological simulations +200% (P =
0.2105).

Training simulation papers
Of the 94 papers on simulation for training in endourology, 72 were published in Period-2, accounting for more than 76%
of current publications.

Analysis of application of simulators for URS (n = 51) shows a significant rise by +225% (P = 0.0016) in Period-2.
Similarly, simulation papers on PCNL training (n = 21) had a steep increase of +850% (P = 0.0023) in Period-2. Looking at
simulations with a mixed setting with both URS and PCNL procedures, the rise by +180% was not statistically significant
(P =0.1275). In this research, 11 reviews were found, with great interest in residents’ training with simulators, assessing
learning curves and developing standardized protocols of training. In the last 5 years, from 2018 to 2022, the numbers of
papers on training with simulation for URS, PCNL and mixed endourological training were 17, 11 and 10 papers
respectively.
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Figure 1 PRISMA flowchart of the included studies.
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Figure 2 Trend of publications on ‘Simulation in Urolithiasis’ (trend line), with different subgroup as Training, Surgical and Radiological
simulation.

Surgical simulation papers
Publication trend on surgical application of simulators in endourology has increased significantly (P = 0.0180) from
Period-1 to period-2 (+264%), with 14 and 51 papers respectively.

Analysis of those papers found varied topics from application of patient-specific simulators (benchtop, 3D printed
models, VR simulators) for surgical planning both in URS and PCNL, simulators of SWL (phantoms, VR) for predicting
performance of lithotripsy, analysis of stent features in 3D models, evaluation of procedural instrumentation such as
scopes, lasers, lithotripters and endoscopic baskets during surgical procedures (URS and PCNL).

Papers on simulations in URS (n = 28) rose significantly in Period-2 (+360%, P = 0.0039), PCNL simulations (1 = 26)
increased too (+1100%, P = 0.0181). SWL simulation and ureteral stent simulation on the other had reduced in period-2 (-
33%, P =0.6983 and -50%, P = 0.5912 respectively).

Radiological simulation papers

Application of simulators in radiology differed in our results from a diagnostic setting (preoperative), with phantoms
used as tools to test efficiency of examinations, to a surgical setting (intraoperative), assessing quality of imaging and
reconstructions. These increased from period-1 (1 = 2) to period-2 (n = 6), a rise by +200% (P = 0.2105).
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DISCUSSION

The role of simulation devices has been widely analyzed in the last decades, with particular attention to its application for
training and assessment. Different studies have been proposed to rule out the efficacy in teaching residents” surgical skills
in a non-operative setting, mostly with the aim to improve patient safety and reduce harm, while allowing a safe pre-
surgical exposure to trainees[17]. The possibility to experiment difficult steps of endoscopic procedure, surgery that
requires high level of training and experience, has been in fact a blessing in disguise[18]. The role of simulation in easing
the learning curve of trainees has been positively reported, as well as its impact in leading the residents through difficult
procedures in a low-stress setting[19].

Protocolshave then been developed to standardize resident training in a more efficient way[20], proposing different
steps of expertise and accuracy, sometimes even with the aid of different simulators based on their grade of fidelity and
accuracy[21].

What emerges from literature is that simulation can play a game-changing role in training. Its applications are almost
infinite, ranging from easier procedure such as cystoscopic examination[22] and ureteral stent insertion, through to gain
accuracy with complex procedures such as flexible URS and PCNL. Some models have even been developed to simulate
unexpected scenarios like ureteral strictures, kinking and complications[23]. This allows trainees to get experience in
more advanced scenarios without putting patients at risk.

Not every aspect of simulator training is perfect and even the more modern and technological simulators (VR for
example) often lack enough realistic sensibility to train the haptics, and the absence of stress in a simulated environment
can be misleading in the training process and may not allow trainees to deal with unexpected events[24].

There is an increasing trend of the use of simulators and simulation training over the last decade, and it is difficult to
ignore the leading role simulators are playing in surgical improvement[10]. Our research found numerous papers on the
application of simulation devices, especially phantoms and 3D printed models, for testing new technological devices.

In the studies regarding URS, laser fibers were tested to understand the effect different settings had on the stones or
soft tissue, comparing different baskets and smaller scopes[25]. In PCNL simulation, the main focus emerged in the
planning of renal puncture with accuracy and without perforation of neighboring structures[26]. To this aim, several
studied have been performed in a patient-specific setting with realistic 3D-printed models[27]. As this review found out,
the role of SWL in stone treatment has become progressively confined with only few papers found on application of
simulation for SWL, for example analyzing gel propertiesor stone disruption, and none of them has been published in the
last 10 years[28].

Development of 3D-printed models and VR has also been used in literature as an aid to counsel patients. Anatomically
accurate models can influence the understanding of a patient’s own disease, along with the surgical procedure, the
possible complications and outcomes[29]. Recent studies have in fact pointed out the positive correlation that lies
between the use of simulators in patient counseling and their overall satisfaction, with a positive role on surgeon-patient
relationship and for avoiding misunderstandings[30]. This relatively new application of simulation could gain an
important role in daily clinical practice.

Simulation based curriculum is now endorsed by the European Association of Urology (EAU) and European School of
Urology (ESU)[31]. Other educational articles will help reinforce the training perspective to trainees[32]. There also seems
to be an increasing role of artificial intelligence for training and education[33].

Strengths and weakness of bibliometric trend analysis

In this review, the first to our knowledge to evaluate the trend of publication of simulation in urolithiasis over the last 26
years, we aimed to report a comprehensive scenario of current literature. Both English and non-English language studies
have been included in this review. On the other hand, the authors are aware that limiting our research to PubMed
database, some articles published in non-index journals might have been missed. We consider though this to be a minor
limitation, as bibliographic accuracy should still be obtained from this database alone[34]. This review is intended to
analyze publication trends on simulation in the management of urolithiasis, and it does not just include training or
clinical papers[35,36], but all studies performed with the application of simulators in endourology.

CONCLUSION

This review found an increasing bibliometric publication trend on the application of simulators in endourological
practice. In the last decades there has been a step up of papers regarding training protocols with the aid of various
simulation devices, with simulators now a part of training programs. With the development of 3D-printed and high-
fidelity models, simulation for surgical procedure planning and patients counseling is also a growing field and this trend
will continue to rise in the next few years.

ARTICLE HIGHLIGHTS

Research background
Minimally invasive techniques for treatment of urinary stones requires expertise, experience and endoscopic skills.
Simulators provide a low-stress and low-risk environment while providing a realistic set-up and training opportunities.
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Research motivation
To report the publication trend of ‘simulation in urolithiasis” over the last 26 years.

Research objectives
To analyze the simulation trends over the last 26 years.

Research methods

Research of all published papers on “Simulation in Urolithiasis” over the last 26 years: (1) Training papers; (2) Clinical
simulation application or surgical procedures; and (3) Diagnostic radiology simulation. Data was further analyzed in two
13-year time periods to compare and identify the contrast of different decades: Period-1 (1997-2009) and period-2 (2010-
2022).

Research results

A total of 168 articles published on the application of simulation in urolithiasis over the last 26 years (training: n = 94,
surgical procedures: n = 66, and radiology: n = 8). The overall number of papers published in simulation in urolithiasis
increased over time for all three areas with more simulation based studies in the last decade.

Research conclusions
In the last decades there has been a step up of papers regarding training protocols with the aid of various simulation
devices, with simulators now a part of training programs.

Research perspectives
Simulation trends could guide future researchers on training and safe surgical practice patterns.
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