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1. Dissertation outline 

 

 

 

 

 

 

 

 

 



2. Malnutrition 

2.1. Background 

 

Figure 1. Bouffisure d’Annam (Annam swelling) 

Left, at hospital admission; middle, after resolution of edema and ascites; right, 
at recovery. 

Source: Normet et al., 1926. 



2.2. The Definition of Undernutrition: An Evolution 

1. Low height-for-age Z-score (HAZ) 
2. Low weight-for-height Z-score (WHZ) and/or low mid-upper arm circumference (MUAC) 
3. Low weight-for-age Z-score (WAZ) 



<

4. It is important to distinguish between reference values and standard.46. References differ from standards in that they provide a 
baseline for population comparison with no implication of normality or inference about the observed differences.55 Standards, 
however, are elaborated to show how children should grow in all countries (i.e., the standard derived from a healthy population 
living under conditions considered to be optimal for growth) and thus embrace a value judgement.38,55,56 



<

2.3. Anthropometric Definitions of Malnutrition 

–

< <

2.4. Clinical Definitions of Malnutrition: Marasmus and Kwashiorkor 

The Definition of Severe Acute Malnutrition (SAM) 

• ⩽

• <

• 



2.5. Diagnostic Discrepancy Between MUAC and WHZ 

 

Figure 2. Diagnosis of SAM by both MUAC and WHZ for 47 countries 

Adapted from: Grellety and Golden 2016. 
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3. Determinants and Pathogenesis of Malnutrition 

 



 

Figure 3. Causes of malnutrition and death 

Adapted from: UNICEF 1991. 



3.1. Malnutrition and Dietary Intake 

3.2. Malnutrition, Infection, and the Gut 



 

Figure 4. Repeated infection and weight gain in a Guatemalan child 

The solid line is the weight of the child; the broken line indicates the median of the Jackson-Kelly standard curve. The letter 
symbols indicate individual episodes of Infectious disease. Note the frequency with which weight loss occurred after bouts of 
diarrhea and other infectious diseases.  

Abbreviation: A, abscess; B, bronchitis; N, bronchopneumonia; C, conjunctivitis; D, diarrhea, I, impetigo, M, measles; S, 
stomatitis; O, oral thrush; U, upper respiratory tract infection. 

Adapted from: Jackson and Kelly 1945; Mata et al., 1977.  

3.2.1. Infection Itself Contributes to Malnutrition 
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3.2.2. Malnutrition Increases the Risk of Infection 

3.3. Inflammation 

3.3.1. Acute Phase Response (APR) and Acute Phase Proteins (APP) 



C-Reactive Protein (CRP) 

α-1-Acid Glycoprotein (AGP) 

α
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Figure 5. Model of response by C-reactive protein (CRP) and α-1-Acid Glycoprotein (AGP) after an 
inflammatory stimulus to show methods of categorizing inflammation groups 

I, reference; II, incubation; III, early convalescence; IV, late convalescence. 

Adapted from: Thurnham et al., 2013. 

3.4. Dehydration and diarrhea 

Table 1. Classification table for dehydration 

Classification Clinical signs 

Severe dehydration Two of the following signs: 

• Lethargic or unconscious 

• Sunken eyes 

• Not able to drink or drinking poorly 

• Skin pinch goes back very slowly (⩾2 seconds) 

Some dehydration Two of the following signs: 

• Restless, irritable 

• Sunken eyes 

• Drinks eagerly, thirsty 

• Skin pinch goes back slowly (<2 seconds) 

No dehydration Not enough signs to classify as some or severe dehydration 



3.5. Visible Severe Wasting 

 



 

Table 2. Classification of visible severe wasting in severe acute malnutrition 

 Front view Back view 

Severe wasting • Ribs are easily seen 

• Skin on upper arms look loose 

• Skin on things look loose 

• Ribs and shoulders are easily seen 

• Flesh is missing from the buttocks 

Extreme wasting • Folds of skin on buttocks and thighs 

• Looks as if the child is wearing ‘baggy pants’ 

Source: WHO 2002.  
 

 

 

 
 

Figure 6. Illustration of visible severe wasting in children 

Source: WHO 2002. 

 

  



3.6. Edema 

 



 

 

Figure 7. Erythrocyte glutathione concentration, fractional 
synthesis rate (FSR), and absolute synthesis rate (ASR) 

Data are from in children with nonedematous ( =7) and edematous ( =7) SAM 
during the period of malnourishment and infection (Phase 1), at the time infections 
were cleared and edema had resolved (Phase 2), and after complete recovery 
(Phase 3). 

Values are means SEM. a, significantly different from Phase 3 value, <0.05; b, 

significantly different from Phase 2 value, <0.05; c, significantly different from the 

same-phase value of nonedematous group, <0.05. 

 edematous;  non-edematous. 

Adapted from: Reid et al., 2000; Jahoor et al., 2012. 
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4. Micronutrients 

4.1. Micronutrient Deficiencies 

4.1.1. Vitamin A 

Vitamin A Deficiency: Epidemiology 

Vitamin A: Physiology 



Vitamin A Deficiency: Causation 

Vitamin A Deficiency: Adverse Effects 

 



 

Figure 8. Manifestations of vitamin A deficiency 

Adapated from: Sommer et al., 1995. 

Table 3. Classification of xerophthalmia 

Code Classification 

XN 
X1A 
X1B 
X2 
X3A 
X3B 
XS 
XF 

Night blindness 
Conjunctival xerosis 
Bitot’s spots 
Corneal xerosis 
Corneal ulceration/keratomatacia <1/3 corneal surface 
Corneal ulceration/keratomatacia ⩾1/3 corneal surface 
Corneal scar 
Xerophthalmic fundus 

Source Sommer et al., 1995. 

 



Biomarker of Vitamin A Status: Retinol Binding Protein (RBP) 

< >

< <

4.1.2. Iron 

Iron Deficiency: Epidemiology 

Iron Deficiency: Physiology 



Iron Deficiency: Causation 

Iron Deficiency and Iron Deficiency Anemia: Adverse Effects 

Ferritin 

<

<

 



 

Figure 9. Mean ferritin concentration as a function of 
age 

Adapted from: Finch et al., 1986. 
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5. Burden, risks, and management 

5.1. Global Burden of Malnutrition 

 

Figure 10. Percentage of wasted children under five by United Nations sub-region 2018 

Source: UNICEF et al. 2019. 



5.2. Risks: Mortality and Morbidity 

5.3. Consequences (Short-, Mid-, and Long-Term Outcomes) 

5.4. Treatment 

>



Table 4. Nutritional composition for key therapeutic products 
used in the management of severe acute malnutrition* 

 F-75 (100 mL) F-100 (100 mL) RUTF (92 g) 

Energy          77 kcal        100 kcal        500 kcal 
Proteins            5 %          11 %        128 g 
Lipids          29.9 %          51 %          30.3 g 
Carbohydrates          65 %          38 %          45 g 
Calcium          77 mg          76 mg        302 mg 
Phosphorus          77 mg          76 mg        343 mg 
Potassium        142 mg        228 mg     1,171 mg 
Magnesium            9.5 mg          21 mg          80 mg 
Zinc            2.5 mg            2.4 mg          11.8 mg 
Copper            0.27 mg            0.3 mg            1.5 mg 
Iron            < 0.06 mg            < 0.07 mg          10.3 mg 
Iodine          17.9 µg          20 µg          98 µg 
Selenium            5.1 µg            5.7 µg          28 µg 
Sodium         < 17 mg         < 56 mg        165 mg 
Vitamin A     0.14 – 0.3 mg     0.15 – 0.3 mg            0.79 mg 
Vitamin D       2.6 – 4.9 µg       2.9 – 5.7 µg          14 µg 
Vitamin E       3.4 – 4.9 mg       3.8 – 5.7 mg          18.4 mg 
Vitamin C          > 8.5 mg            9.5 mg          46 mg 
Vitamin B1       > 85 µg          95 µg            0.46 mg 

Vitamin B2          > 0.3 mg            0.3 mg            1.5 mg 
Vitamin B6          > 0.1 mg            0.1 mg            0.55 mg 
Vitamin B12          > 0.3 µg            0.3 µg            1.5 µg 
Vitamin K       2.6 – 8.2 µg       2.8 – 9.5 µg          14.4 µg 
Biotin       > 10 µg          11 µg          56 µg 
Folic acid       > 34 µg          38 µg        184 µg 
Pantothenic acid          > 0.51 mg          > 0.57 mg            2.8 mg 
Niacin          > 0.85 mg          > 0.95 mg            4.8 mg 

*The values given in this table are based on data on the intrinsic nutrient 
content of the raw materials and their variability, as well as the variability of 
the process. 

Source: Nutriset. 

 



 

 

  



 

6. Leptin 

λε τός

6.1. Physiology 

6.2. Energy homeostasis and neuroendocrine function 

6.3. Leptin as a modulator of immune function 



6.4. Leptin and mortality in severe acute malnutrition (SAM) 

6.5. Implications 

 



7. Stable isotope analysis 

ἴσος τόπος

Table 5. Naturally occurring stable 
isotopes common in biological 
molecules 

Element Stable Isotopes Abundance (%) 

Hydrogen 1H 99.985 
 2H 0.015 
Carbon 12C 98.892 
 13C 1.108 
Nitrogen 14N 99.635 
 15N 0.365 
Oxygen 16O 99.759 
 17O 0.037 
 18O 0.204 

Source: O’Brien 2015. 
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7.1. Isotopic fractionation and trophic step 
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7.2. Stable isotopes for dietary assessment 
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7.3. Stable isotopes for metabolic assessment 
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Figure 11. Hair δ15N variations and weight fluctuation during pregnancy with morning sickness 

Hair samples were isotopically analyzed in 1 or 1.5cm sections corresponding to 4 or 6 week intervals of growth, respectively. 
This subject experienced persistent nausea and vomiting during the first trimester of pregnancy, resulting in a loss of 6.4 kg 
and a simultaneous increase in δ15N ~1‰. Her morning sickness subsided after the 10th week of pregnancy, resulting in rapid 
weight gain (13.9 kg) and a sharp decrease in δ15N of 1.7‰. 

Adapted from: Fuller et al., 2005. 
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Figure 12. Changes in δ15N plotted against maternal weight gain during pregnancy 

An inverse correlation is observed such that decreasing δ15N values correspond with increases in weight and thus positive 
nitrogen balance. 

Adapted from: Fuller et al., 2004. 
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7.4. Implications 
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8. Bio-electric impedance analysis 

Introduction 

+ +

Figure 13. Simple bio-electric impedance equivalence circuit 

Current injected into the ECF can flow through the cell across the PLB (Cm) or across the ionic channels 
(Rm) or can circulate around the cell (Re). Once the current is into the cell it ‘travels’ through the ICF (Ri) 
and leaves the cell across the cell membrane (Rm || Cm). 

Source: Ivorra et al., 2003 and Girma 2014. 



𝑍 = √𝑅2 + 𝑋𝑐2

𝑃𝐴 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑋𝑐

𝑅
) × (

180

𝜋
)

 

Figure 14. Argand diagram of PA, R, Xc, and Z 

The impedance vector (Z) is expressed as a pair of numbers (R, Xc) in a complex 
plane where R is resistance, Xc is reactance, Ɵ is phase angle (PA) and i is the 
imaginary unit that satisfies the equation i2 = –1 

Adapted from: Girma 2014. 
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Use and physiology 
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Figure 15. Tissue pathways for low-frequency (left) and high-frequency 
currents (right) 

Adapted from: De Lorenzo et al., 1997  

>

Bio-electric impedance and severe acute malnutrition 



Analysis, interpretation, and limits 

𝑉 =
𝜌𝐻2

𝑍

ρ

 



 

Figure 16. Bio-electric impedance vector analysis (BIVA) patterns on the R/H-Xc/H graph 

Vector displacement parallel to the major axis of the tolerance ellipse indicate progressive changes in hydration whereas 
displacement parallel to the minor axis indicates more (above, left) or less (below, right) cell mass contained in soft tissues. 
Vectors falling outside the 75% tolerance ellipse indicate abnormal tissue impedance. 

Source: Piccoli et al. 2002. 

Implications 

 



9. Aims and objectives 

9.1. Research aims 

9.2. Research objectives 

 



 

 δ δ

 δ δ

 

 



 

 

 



10. Methodology 

10.1. Cohort study 

10.1.1. Data collection 

Anthropometry 

Blood collection, processing, and analysis 



Urine collection, processing, and analysis 

Hair collection, processing and analysis 

δ ‰

Bio-electric impedance data collection and analysis 



Clinical examination 

Caretaker-reported health and nutrition histories 

Additional questionnaires 

10.1.2. Study Population 

Recruitment 



<

Follow-up (recovery and withdrawal) 

⩾– < –

⩾ <

10.1.3. Sample size 



=

10.2. Cross-sectional studies 

10.2.1. OptiDiag-SMART 

10.2.2. Bio-electrical impedance sub-studies 
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> > > >



10.3. Pilot study and training 

10.4. Data management 

10.5. Data analysis 

10.6. Ethical considerations 
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Clinical and biochemical markers of functional severity in 

severe acute malnutrition (SAM): comparative analysis of 

anthropometric phenotypes from the OptiDiag study 
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Results 

Table 6. Demographic and anthropometric characteristics on 
admission* 

Characteristic 
WHZ-only 
( =138) 

Both-WHZ&MUAC 
( =152) 

MUAC-only 
( =161) 

Age, months 15.5 [10.55–25.61] 10.2 [7.36–16.47] 8.0 [6.71–11.8] 
   6–11 months 33.3 (46) 61.2 (93) 76.4 (123) 
   12–23 months 36.9 (51) 29.6 (45) 21.1 (32) 
   24–59 months 29.7 (41) 9.2 (14) 3.7 (6) 
Male 68.1 (94) 44.7 (68) 32.9 (53) 
Anthropometry 

      

   WHZ -2.77 [-2.92– -2.63] -3.54 [-3.98– -3.25] -2.38 [-2.69– -1.88] 
   MUAC, mm 120 [116.5–124] 111 [107–113] 113 [110–114] 
   HAZ -1.82 ± 1.31 -2.46 ± 1.44 -1.82 ± 1.31 
   HAZ < –2 42.8 (59) 58.6 (89) 70.2 (113) 

Abbreviations: HAZ, height-for-age z-score; MUAC, mid-upper arm circumference; 
WHZ, weight-for-height -score. 

* Values are % ( ) for categorical variables, means ±SDs for continuous variables 
  with a normal distribution, or medians [IQRs] for continuous variables with a skewed 
  distribution. 

<

< <





 

Table 7. Biochemical data at admission* 

 No. (%) of patients by anthropometric category  

 

WHZ-only 
(  = 138) 

WHZ&MUAC 
(  = 152) 

MUAC-only 
(  = 161)  † 

Biochemical features           
   Serum leptin, pg/mL 215.80 [122.0-346.6] 180.10 [87.7-346.8] 331.50 [159.0-560.1]   0.000 
   Serum leptin ⩽35 pg/mL 5 (7) 9 (14) 3 (5)   0.063 
   Acute-phase proteins           
      AGP, g/L 1.25 [0.83-1.69] 1.25 [0.88-1.82] 1.13 [0.79-1.81]   0.413 
      AGP >1 mg/L 66 (85) 66 (94) 56 (87)   0.133 
      CRP, mg/L 1.51 [0.50-12.44] 1.655 [0.63-8.29] 2.67 [0.68-10.14]   0.252 
      CRP >5 mg/L 34 (44) 32 (45) 38 (59)   0.485 
      AGP >1 mg/L and/or CRP >5 mg/L   67 (86) 69 (98) 62 (96)   0.455 
   Iron deficiency          

      Body irons stores, mg/kg body weight 5.99 [1.82-8.17] 5.68 [1.8-8.34] 4.56 [1.87-7.92]   0.231 
      Body irons stores <0 mg/kg body weight 25 (32) 17 (24) 14 (21)   0.043 
      Adjusted serum ferritin, µL/L 27.74 [8.77-48.44] 33.99 [16.42-67.71] 33.60 [15.93-54.27]   0.042 
      Adjusted serum ferritin <12 µg/L 30 (39) 18 (26) 19 (29)   0.026 
      sTfR, mg/L 8.34 [6.91-11.24] 8.8 [8.8-11.65] 8.7 [7.21-12.96]   0.410 
      sTfR >8.3 mg/L 52 (67) 54 (76) 57 (88)   0.695 
   Vitamin A insuffiency/deficiency           
     Adjusted RBP, µmol/L 1.01 [0.77-1.24] 0.98 [0.78-1.22] 1 [0.77-1.25]   0.987 
     Adjusted RBP <1.05 µmol/L 55 (71) 58 (83) 56 (87)   0.880 
     Adjusted RBP ⩽0.7 µmol/L 20 (25) 15 (22) 19 (29)   0.644 
Urinalysis           
   Ascorbic acid excretion, ⩾0.2 g/L (20 mg/dL) 44 (39/88) 53 (49/92) 48 (41/86)   0.478 
   Bilirubinuria, ⩾15 µmol/L (1 mg/dL) 19 (17/88) 18 (17/92) 6 (5/86)   0.019 
   Hematuria, ⩾5-10 ery/µL 9 (8/88) 17 (15/90) 19 (16/86)   0.172 
   Glycosuria, ⩾2.8 mol/L (50 mg/dL)  1 (1/88) 3 (3/91) 1 (1/85)   0.479 
   Ketonuria, ⩾1 mmol/L (10mg/dL) 16 (14/88) 8 (7/92) 5 (4/84)   0.189 
   Leukocyturia, ⩾25 leu/µL 14 (12/88) 30 (28/92) 22 (19/85)   0.026 
   Nitrituria 25 (22/88) 31 (28/91) 40 (34/86)   0.117 
   Proteinuria 8 (7/88) 10 (9/92) 8 (7/85)   0.895 
   Urobilinogenuria, ⩾35 µmol/L (2 mg/dL)  3 (3/88) 1 (1/92) 1 (1/86)   0.434 

Abbreviations: AGP, α-1-acid glycoprotein; CRP, C-reactive protein; ery, erythrocyte leu, leukocyte; MUAC, mid-upper arm 
circumference; RBP, retinol binding protein; sTfR, soluble transferrin receptor; WHZ, weight-for-height z-score. 

* Values are % ( ), denominators lower than  indicate missing data. 
† For 3 group comparison (WHZ-only, both WHZ&MUAC, and MUAC-only) by Pearson’s χ2 test (or Fisher’s exact tests for small 
   sample sizes) for categorical data and Kruskal-Wallis tests for skewed, continuous data. 

 

  



 

Table 8. Clinical characteristics admission* 

 No. (%) of patients by anthropometric category  

 

WHZ-only 
(  = 138) 

WHZ&MUAC 
(  = 152) 

MUAC-only 
(  = 161)  † 

Clinical features           
   Cough/difficult breathing           
      Cough 48 (66) 56 (85) 45 (73)   0.152 
      Nasal discharge 31 (43/137) 37 (56) 28 (45)   0.238 
      Tachypnea‡ 17 (24) 25 (38) 21 (34)   0.286 
      Difficult breathing 4 (6) 9 (13) 4 (7)   0.194 
      Subcostal indrawing 2 (3) 2 (3) 1 (2)   0.809 
      Stridor 1 (2) 3 (4) 4 (7)   0.320 
      WHO/IMCI: pneumonia or severe pneumonia 19 (26/137) 28 (42) 24 (39)   0.223 
   Dehydration           
      Slow/very slow skin pinch 17 (15/90) 21 (21/99) 4 (4/97)   0.002 
      Sunken eyes 32 (29/90) 30 (30/99) 14 (14/97)   0.008 
      Restlessness/irritability 8 (7/90) 16 (16/99) 3 (3/97)   0.006 
      Some or severe dehydration 18 (16/89) 22 (22/99) 6 (6/96)   0.006 
      WHO/IMCI: Some or severe dehydration 5 (4/86) 6 (6/98) 2 (2/96)   0.351 
   Dermatosis 9 (12) 18 (27) 7 (12)   0.008 
   Hair changes 9 (13) 4 (6/150) 7 (11/157)   0.184 
   Iron deficiency           
      Conjunctival and/or palmar pallor 34 (47) 41 (62/151) 27 (43)   0.028 
   Fever 15 (21) 18 (28) 18 (29)   0.737 
   Malaria 8 (11/136) 14 (20/148) 21 (33/157)   0.007 
   Visible severe wasting           
      Visible ribs 67 (60/90) 76 (75/99) 53 (51/97)   0.003 
      Loose skin on arms or thighs 14 (19/90) 24 (37/99) 9 (14/97)   0.001 
      Visible back ribs or shoulder bones  58 (52/90) 69 (68/99) 46 (45/97)   0.004 
      Flesh missing/folds of skin on buttocks and/or ‘baggy pants’ 6 (5/90) 17 (17/99) 3 (3/97)   0.001 
      WHO/IMCI: severe or extreme wasting 67 (60/90) 77 (76/99) 57 (55/97)   0.012 

Abbreviations: MUAC, mid-upper arm circumference; WHO/IMCI, World Health Organization/integrated management of 
childhood illness recommendations; WHZ, weight-for-height -score. 

* Values are % ( ), denominators lower than  indicate missing data. 
† For 3 group comparison (WHZ-only, both-WHZ&MUAC, and MUAC-only) by Pearson’s χ2 test (or Fisher’s exact tests 
   for small sample sizes) for categorical data and Kruskal-Wallis tests for skewed, continuous data. 
‡ 50 breaths/minute in children 2 to 12 months of age, and >40 breaths/minute in children ⩾1 year of age 

 

  



 

Table 9. Health and nutrition histories at admission* 

 No. (%) of patients by anthropometric category  

 

WHZ-only 
(  = 138) 

WHZ&MUAC 
(  = 152) 

MUAC-only 
(  = 161)  † 

Recent health and nutrition history (caretaker-reported)           
   Eaten less‡ 49 (67) 38 (58) 37 (59)   0.081 
   Decreased health status§ 42 (58) 43 (65) 29 (47)   0.021 
   Weight loss, ⩾5% 63 (87) 62 (94) 52 (83/160)   0.092 
      Any 1|| 75 (104) 72 (109) 62 (100)   0.035 
      Any 2¶ 57 (79) 48 (73) 41 (65/160)   0.017 
   Diarrhea 22 (31) 27 (40/150) 21 (33/159)   0.453 
   Vomiting 13 (18/135) 23 (34/149) 16 (25/158)   0.088 
   Fever 54 (74/136) 60 (89/148) 50 (78/157)   0.186 
   Cough/difficult breathing 45 (62) 47 (71/150) 44 (70/159)   0.835 
      Any 1†† 70 (95/136) 77 (114/149) 68 (108/159)   0.223 
      Any 2‡‡ 47 (64/135) 52 (77/148) 41 (65/157)   0.175 

Abbreviations: MUAC, mid-upper arm circumference; WHZ, weight-for-height -score. 

* Values are % ( ), denominators lower than  indicate missing data. 
† For 3 group comparison (WHZ-only, MUAC&WHZ, and MUAC-only) by Pearson’s χ2 test (or Fisher’s exact 
tests for small sample sizes) for categorical data and Kruskal-Wallis tests for skewed, continuous data. 
‡ ⩾10% less 
§ "much less" healthy than usual 
|| Eaten ⩾10% less, ⩾"much less" healthy than usual, or lost ⩾5% weight 
¶ Any two of: eaten ⩾10% less, ≥"much less" healthy than usual, or lost ⩾5% weight 
†† Diarrhea, vomiting, fever, cough/difficult breathing 
‡‡ Any two of: diarrhea, vomiting, fever, cough/difficult breathing 

 



 

Table 10. Unadjusted and adjusted median serum leptin and serum ferritin by comparison* 

 Comparison 1  Comparison 2  Comparison 3 

 WHZ only  MUAC-only   MUAC-only  MUAC&WHZ    WHZ-only  All-MUAC   

 Median 95% CI  Median 95% CI  Median 95% CI  Median 95% CI   Median 95% CI  Median 95% CI  

Serum leptin, pg/mL                             

   Unadjusted median† 215.8 122.0 346.6  331.5 159.0 560.1 0.001  331.5 159.0 560.1  180.1 87.7 346.8  <0.001  215.8 122.0 346.6  245.8 117.0 482.0  0.212 
   Adjusted median 232.1 193.9 263.0 

 
372.8 226.4 380.0 0.002  352.0 229.8 414.3  217.6 133.2 238.0  <0.00001  220.1 193.9 309.0  262.0 223.0 331.4  0.462 

Serum ferritin, µL/L                             

   Unadjusted median† 27.7 8.8 48.4  33.6 15.9 54.3 0.064  33.6 15.9 54.3  34.0 16.4 67.7  0.488  27.7 8.8 48.4  33.9 16.1 60.2  0.015 
   Adjusted median 31.9 7.1 34.4 

 
32.9 24.0 51.0 0.829  31.1 27.4 34.9  34.3 30.6 38.6  0.404  22.3 18.3 26.7  33.8 33.3 37.8  0.017 

Abbreviations: MUAC, mid-upper arm circumference; WHZ, weight-for-height -score. 

* Adjusted for age, sex, stunting, SSR and country. 
† The Wilcoxon rank-sum test is used for equality median when the unadjusted median is presented 

 

 



 

Table 11. Unadjusted, bivariate logistic regression analysis by comparison 

 

Comparison 1: 
WHZ-only vs. 
MUAC-only  

Comparison 2 
MUAC-only vs.  
WHZ&MUAC  

Comparison 3 
WHZ-only vs. 

 all-MUAC 

 UOR (95% CIs)  UOR (95% CIs)  UOR (95% CIs) 

Biochemical features               
   Iron deficiency               
      Body iron stores, <0 mg/kg body weight 2.11 1.15 3.88 0.016  1.29 0.68 2.43 0.435  0.54 0.32 0.90 0.017 
      Adjusted serum ferritin, <12 µg/L 1.89 1.09 3.28 0.024  0.97 0.54 1.74 0.908  0.52 0.32 0.84 0.007 
Urinalysis               

   Bilirubinuria, ⩾15 µmol/L (1 mg/dL) 3.88 1.36 11.05 0.011  3.67 1.29 10.45 0.015  0.59 0.29 1.18 0.134 
   Leukocyturia, ⩾25 leu/µL 0.55 0.25 1.21 0.138  1.52 0.77 2.99 0.225  2.29 1.14 4.58 0.019 
Clinical Features               

      Slow/very slow skin pinch 4.65 1.48 14.60 0.008  6.26 2.06 19.01 0.001  0.73 0.36 1.47 0.377 
      Sunken eyes 2.82 1.37 5.78 0.005  2.58 1.27 5.24 0.009  0.61 0.35 1.06 0.080 
      Restlessness/irritability 2.64 0.66 10.55 0.169  6.04 1.70 21.46 0.005  1.27 0.51 3.15 0.601 
      Some or severe dehydration 3.29 1.22 8.83 0.018  4.29 1.65 11.11 0.003  0.76 0.39 1.50 0.435 
   Dermatosis 1.18 0.51 2.72 0.694  2.68 1.31 5.51 0.007  1.49 0.76 2.95 0.247 
   Iron deficiency               

      Conjunctival and/or palmar pallor 1.42 0.86 2.33 0.168  1.91 1.19 3.08 0.008  0.98 0.64 1.50 0.933 
   Malaria 0.33 0.16 0.68 0.003  0.59 0.32 1.08 0.086  2.39 1.21 4.74 0.013 
   Visible severe wasting               

      Visible ribs 1.80 1.00 3.26 0.051  2.82 1.53 5.18 0.001  0.61 0.35 1.06 0.080 
      Loose skin on arms or thighs 1.59 0.74 3.39 0.234  3.54 1.76 7.11 0.000  1.27 0.51 3.15 0.601 
      Visible back ribs or shoulder bones 1.65 0.92 2.94 0.090  2.64 1.47 4.73 0.001  0.76 0.39 1.50 0.435 
      Flesh missing/folds of skin on buttocks and/or ‘baggy pants’ 1.84 0.43 7.95 0.412  6.50 1.84 22.96 0.004  1.93 0.70 5.32 0.203 
      WHO/IMCI: severe or extreme wasting 1.53 0.84 2.77 0.163  2.52 1.36 4.67 0.003  1.01 0.59 1.71 0.977 
Recent health and nutrition history               

   Decreased General state of health status 1.76 1.09 2.84 0.021  1.74 1.08 2.79 0.022  0.77 0.51 1.16 0.208 
      Any 1* 1.87 1.13 3.08 0.015  1.55 0.96 2.49 0.072  0.66 0.42 1.03 0.069 
      Any 2† 1.96 1.23 3.11 0.004  1.35 0.86 2.11 0.189  0.59 0.40 0.89 0.011 

Abbreviations: CI, confidence interval; leu, leukocyte; MUAC, mid-upper arm circumference; UOR, unadjusted odds ratio; WHO/IMCI, World Health 
Organization/integrated management of childhood illness recommendations; WHZ, weight-for-height z-score. 

* Eaten ⩾10% less, ⩾"much less" healthy than usual, or lost ⩾5% weight. 
† Any two of: eaten ⩾10% less, ⩾"much less" healthy than usual, or lost ⩾5% weight. 

 

  



 

Table 12. Adjusted, multivariate logistic regression analysis by comparison* 

 

Comparison 1 
WHZ-only vs. 
MUAC-only  

Comparison 2 
MUAC-only vs. 
WHZ&MUAC  

Comparison 3 
WHZ-only vs. 

all-MUAC 

 AOR (95% CIs)  AOR (95% CIs)  AOR (95% CIs) 

Biochemical features               
   Iron deficiency               
      Body iron stores <0 mg/kg body weight 2.25 1.10 4.60 0.026  1.29 0.68 2.44 0.430  0.50 0.28 0.90 0.021 
      Adjusted serum ferritin <12 µg/L 2.13 1.11 4.09 0.024  0.97 0.54 1.75 0.920  0.35 0.21 0.60 0.000 
Urinalysis               
   Bilirubinuria, ≥15 µmol/L (1 mg/dL) 2.51 0.67 9.36 0.171  3.96 1.38 11.42 0.011  0.61 0.31 1.24 0.174 
   Leukocyturia, ≥25 leu/µL 0.55 0.25 1.21 0.136  1.46 0.73 2.91 0.286  1.77 0.86 3.66 0.123 
Clinical Features               
      Slow/very slow skin pinch 4.58 1.45 14.39 0.009  6.36 2.09 19.35 0.001  0.74 0.37 1.48 0.390 
      Sunken eyes 2.88 1.22 6.76 0.015  2.58 1.25 5.34 0.011  0.57 0.32 1.00 0.049 
      Restlessness/irritability 1.78 0.42 7.52 0.436  6.72 1.86 24.30 0.004  1.06 0.41 2.76 0.899 
      Some or severe dehydration 2.51 0.90 6.97 0.079  4.29 1.65 11.12 0.003  0.76 0.39 1.49 0.426 
   Dermatosis 1.25 0.54 2.92 0.605  4.56 1.72 12.10 0.002  3.43 0.95 12.46 0.061 
   Clinical iron deficiency                
      Conjunctival and/or palmar pallor 1.42 0.86 2.33 0.166  1.93 1.20 3.12 0.007  0.99 0.65 1.52 0.967 
   Malaria 0.24 0.10 0.56 0.001  0.58 0.31 1.06 0.078  2.34 1.18 4.65 0.015 
   Visible severe wasting               
      Visible ribs 2.44 0.73 8.20 0.149  10.00 2.71 36.85 0.001  0.59 0.20 1.74 0.338 
      Loose skin on arms or thighs 1.78 0.74 4.27 0.198  3.66 1.81 7.40 0.000  1.13 0.60 2.11 0.714 
      Visible back ribs or shoulder bones 2.88 1.07 7.81 0.037  8.36 2.98 23.44 0.000  0.79 0.32 1.91 0.595 
      Flesh missing/folds of skin on buttocks and/or ‘baggy pants’ 2.04 0.46 9.00 0.345  6.46 1.81 23.02 0.004  1.25 0.43 3.63 0.676 
      WHO/IMCI: severe or extreme wasting 1.28 0.51 3.25 0.601  9.17 2.48 33.87 0.001  0.64 0.21 1.95 0.436 
Recent health and nutrition history (caretaker-reported)               
   Recent health deterioration 1.79 1.11 2.91 0.017  5.73 1.91 17.25 0.002  0.75 0.50 1.14 0.180 
      Any 1† 1.29 0.53 3.15 0.574  1.55 0.93 2.58 0.089  0.86 0.40 1.88 0.713 
      Any 2‡ 1.13 0.55 2.36 0.735  6.12 2.17 17.27 0.001  0.93 0.52 1.66 0.796 

Abbreviations: AOR, adjusted odds ratio; leu, leukocyte; MUAC, mid-upper arm circumference; WHO/IMCI, World Health Organization/integrated 
management of childhood illness recommendations; WHZ, weight-for-height -score. 

* Adjusted for age, sex, stunting, SSR and/or country 
† Eaten ⩾10% less, ⩾"much less" healthy than usual, or lost ⩾5% weight 
‡ Any two of: eaten ⩾10% less, ⩾"much less" healthy than usual, or lost ⩾5% weight 

 

 



Serum leptin levels and anthropometric phenotype in SAM 

 

Figure 17. Median leptin (pg/mL) with IQR by anthropometric 
phenotype combined and by country 

Abbreviations: MUAC, mid-upper arm circumference; WHZ, weight-for-height z-score. 

 MUAC-only;  Both WHZ&MUAC;  WHZ-only 
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Figure 18. Linear regression fitted to leptin by WHZ and MUAC 

Abbreviations: MUAC, mid-upper arm circumference; WHZ, weight-for-height -score. 

--------- MUAC, =0.102, =0.043, 

--------- WHZ, =0.287, <0.001 
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Supplement 1 

Supplementary tables 

eTable 1. Supplementary clinical characteristics at admission* 

 No. (%) of patients by anthropometric category  

 

WHZ-only 
( =138) 

WHZ&MUAC 
( =152) 

MUAC-only 
( =161) 

   Eye infection 1 (2/136) 1 (2) 1 (2/160) 0.986 
   Bitot’s spots 1 (1) 1 (2) 1 (1) 0.783 
   Tachycardia 7 (9) 5 (8) 6 (9) 0.894 
   Hypothermia (<36.0°C)  4 (5) 5 (8) 2 (4) 0.433 

Abbreviations: MUAC, mid-upper arm circumference; WHZ, weight-for-height 
-score. 

* Values are % ( ). 
† For 3 group comparison (WHZ-only, both-WHZ&MUAC, and MUAC-only) by 
   Pearson’s χ2 test (or Fisher’s exact tests for small sample sizes) for 
   categorical data and Kruskal-Wallis tests for skewed, continuous data. 

 



 

eTable 2. FDR corrected unadjusted and adjusted median serum leptin and serum ferritin by comparison* 

 Comparison 1  Comparison 2  Comparison 3 

 WHZ only  MUAC only   MUAC-only  MUAC&WHZ    WHZ-only  All-MUAC   

 Median 95% CI  Median 95% CI  Median 95% CI  Median 95% CI    Median 95% CI  Median 95% CI   

Serum leptin, pg/mL                             

   Unadjusted median† 215.8 122.0 346.6  331.5 159.0 560.1 0.002  331.5 159.0 560.1  180.1 87.7 346.8  <0.0001  215.8 122.0 346.6  245.8 117.0 482.0  0.212 
   Adjusted median 232.5 193.7 263.0  365.0 226.4 372.8 0.004  352.0 226.6 410.1  212.0 139.0 239.8  <0.00001  220.1 193.9 309.0  262.0 223.0 331.4  0.462 
Serum ferritin, µL/L                             

   Unadjusted median† 27.7 8.8 48.4  33.6 15.9 54.3 0.064  33.6 15.9 54.3  34.0 16.4 67.7  0.488  27.7 8.8 48.4  33.9 16.1 60.2  0.015 
   Adjusted median 33.5 8.7 34.7  33.0 23.3 51.0 0.809  31.2 28.2 36.6  36.1 30.7 41.2  0.219  28.5 20.6 32.7  37.2 25.0 41.8  0.250 

Abbreviations: CI, confidence interval; FDR, false discovery rate; MUAC, mid-upper arm circumference; WHZ, weight-for-height -score. 

* Adjusted for age, sex, stunting, SSR and country. 
† The Wilcoxon rank-sum test is used for equality median when the unadjusted median is presented. 

 

 



 

eTable 3. FDR corrected unadjusted, bivariate logistic regression analysis by comparison 

 

Comparison 1: 
WHZ-only vs. 
MUAC-only  

Comparison 2 
MUAC-only vs. 
WHZ&MUAC  

Comparison 3 
WHZ-only vs. 

all-MUAC 

 UOR (95% CIs)  UOR (95% CIs)   UOR (95% CIs)  

Biochemical features               
   Iron deficiency               
      Body iron stores, <0 mg/kg body weight 2.11 1.15 3.88 0.024  1.29 0.68 2.43 0.870  0.54 0.32 0.90 0.017 
      Adjusted serum ferritin, <12 µg/L 1.89 1.09 3.28 0.024  0.97 0.54 1.74 0.908  0.52 0.32 0.84 0.014 
Urinalysis               
   Bilirubinuria, ⩾15 µmol/L (1 mg/dL) 3.88 1.36 11.05 0.022  3.67 1.29 10.45 0.030  0.59 0.29 1.18 0.134 
   Leukocyturia, ⩾25 leu/µL 0.55 0.25 1.21 0.138  1.52 0.77 2.99 0.225  2.29 1.14 4.58 0.038 
Clinical Features               
      Slow/very slow skin pinch 4.65 1.48 14.60 0.032  6.26 2.06 19.01 0.005  0.73 0.36 1.47 0.593 
      Sunken eyes 2.82 1.37 5.78 0.024  2.58 1.27 5.24 0.012  0.61 0.35 1.06 0.299 
      Restlessness/irritability 2.64 0.66 10.55 0.211  6.04 1.70 21.46 0.010  1.27 0.51 3.15 0.694 
      Some or severe dehydration 3.29 1.22 8.83 0.045  4.29 1.65 11.11 0.008  0.76 0.39 1.50 0.593 
   Dermatosis 1.18 0.51 2.72 0.694  2.68 1.31 5.51 0.012  1.49 0.76 2.95 0.529 
   ID               
      Conjunctival and/or palmar pallor 1.42 0.86 2.33 0.211  1.91 1.19 3.08 0.012  0.98 0.64 1.50 0.977 
   Malaria 0.33 0.16 0.68 0.024  0.59 0.32 1.08 0.092  2.39 1.21 4.74 0.593 
   Visible severe wasting               
      Visible ribs 1.80 1.00 3.26 0.095  2.82 1.53 5.18 0.005  0.61 0.35 1.06 0.299 
      Loose skin on arms or thighs 1.59 0.74 3.39 0.270  3.54 1.76 7.11 0.005  1.27 0.51 3.15 0.694 
      Visible back ribs or shoulder bones 1.65 0.92 2.94 0.151  2.64 1.47 4.73 0.005  0.76 0.39 1.50 0.593 
      Flesh missing/folds of skin on buttocks and/or ‘baggy pants’ 1.84 0.43 7.95 0.442  6.50 1.84 22.96 0.008  1.93 0.70 5.32 0.520 
      WHO/IMCI: severe or extreme wasting 1.53 0.84 2.77 0.211  2.52 1.36 4.67 0.008  1.01 0.59 1.71 0.977 
Health and nutrition history               
   General state of health 1.76 1.09 2.84 0.045  1.74 1.08 2.79 0.028  0.77 0.51 1.16 0.520 
      Any 1* 1.87 1.13 3.08 0.044  1.55 0.96 2.49 0.083  0.66 0.42 1.03 0.299 
      Any 2† 1.96 1.23 3.11 0.024  1.35 0.86 2.11 0.189  0.59 0.40 0.89 0.165‡ 

Abbreviations: CI, confidence interval; FDR, false discovery rate; leu, leukocyte; MUAC, mid-upper arm circumference; UOR, unadjusted odds ratio; WHO/IMCI, 
World Health Organization/integrated management of childhood illness recommendations; WHZ, weight-for-height -score. 

* Eaten ≥10% less, ≥"much less" healthy than usual, or lost ≥5% weight. 
† Any two of: eaten ≥10% less, ≥"much less" healthy than usual, or lost ≥5% weight. 
‡ No longer statistically significant after FDR correction. 

 

  



 

eTable 4. FDR corrected, adjusted, multivariate logistic regression analysis by comparison* 

 

Comparison 1 
WHZ-only vs.  
MUAC-only  

Comparison 2 
MUAC-only vs. 
WHZ&MUAC  

Comparison 3 
WHZ-only vs.  

all-MUAC 

 AOR (95% CIs)  AOR (95% CIs)   AOR (95% CIs)  

Biochemical features               
   Iron deficiency               
      Body iron stores <0 mg/kg body weight 2.25 1.10 4.60 0.026  1.29 0.68 2.44 0.860  0.50 0.28 0.90 0.021 
      Adjusted serum ferritin <12 µg/L 2.13 1.11 4.09 0.026  0.97 0.54 1.75 0.920  0.35 0.21 0.60 0.000 
Urinalysis               
   Bilirubinuria, ⩾15 µmol/L (1 mg/dL) 2.51 0.67 9.36 0.171  3.96 1.38 11.42 0.060  0.61 0.31 1.24 0.174 
   Leukocyturia, ⩾25 leu/µL 0.55 0.25 1.21 0.171  1.46 0.73 2.91 0.225  1.77 0.86 3.66 0.174 
Clinical Features               
      Slow/very slow skin pinch 9.47 2.07 43.25 0.028  6.36 2.09 19.35 0.002  0.74 0.37 1.48 0.818 
      Sunken eyes 2.88 1.22 6.76 0.064§  2.58 1.25 5.34 0.012  0.57 0.32 1.00 0.305|| 
      Restlessness/irritability 1.78 0.42 7.52 0.544  6.72 1.86 24.30 0.006  1.06 0.41 2.76 0.963 
      Some or severe dehydration 2.51 0.90 6.97 0.196  4.29 1.65 11.12 0.005  0.76 0.39 1.49 0.818 
   Dermatosis 1.25 0.54 2.92 0.648  2.68 1.29 5.60   3.43 0.95 12.46 0.305 
   Clinical iron deficiency                
      Conjunctival and/or palmar pallor 1.42 0.86 2.33 0.297  1.93 1.20 3.12 0.010  0.99 0.65 1.52 0.967 
   Malaria 0.24 0.10 0.56 0.015  0.58 0.31 1.06 0.084  2.34 1.18 4.65 0.225|| 
   Visible severe wasting               
      Visible ribs 2.44 0.73 8.20 0.297  10.00 2.71 36.85 0.002  0.59 0.20 1.74 0.818 
      Loose skin on arms or thighs 1.78 0.74 4.27 0.297  3.66 1.81 7.40 0.002  1.13 0.60 2.11 0.892 
      Visible back ribs or shoulder bones 2.88 1.07 7.81 0.111  8.36 2.98 23.44 0.001  0.79 0.32 1.91 0.892 
      Flesh missing/folds of skin on buttocks and/or ‘baggy pants’ 2.04 0.46 9.00 0.470||  6.46 1.81 23.02 0.006  1.25 0.43 3.63 0.892 
      WHO/IMCI: severe or extreme wasting 2.28 0.68 7.71 0.297  9.17 2.48 33.87 0.002  0.64 0.21 1.95 0.818 
Health and nutrition history               
   General state of health 1.79 1.11 2.91 0.064§  6.82 2.21 21.00 0.002  0.75 0.50 1.14 0.675 
      Any 1† 1.29 0.53 3.15 0.648  1.55 0.93 2.58 0.089  0.86 0.40 1.88 0.892 
      Any 2‡ 1.13 0.55 2.36 0.735  6.12 2.17 17.27 0.002  0.93 0.52 1.66 0.918 

Abbreviations: AOR, adjusted odds ratio; CI, confidence interval; FDR, false discovery rate; leu, leukocyte; MUAC, mid-upper arm circumference; 
WHO/IMCI, World Health Organization/integrated management of childhood illness recommendations; WHZ, weight-for-height -score. 

* Adjusted for age, sex, stunting, SSR and/or country 
† Eaten ⩾10% less, ⩾"much less" healthy than usual, or lost ⩾5% weight 
‡ Any two of: eaten ⩾10% less, ⩾"much less" healthy than usual, or lost ⩾5% weight 
§ Marginally statistically significant (p<0.1) after FDR correction 
|| No longer statistically significant after FDR correction 
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Results 

Population description 

Table 13. Main characteristics of the 
population* 

 
Population characteristics  

( =255) 

Age (months) 33.7 ± 15.4 
Height-length (cm) 86.7 ± 10.8 
Weight (kg) 11.2 ± 2.6 
Female 120 (47.1%) 
Breastfed 85 (33.3%) 
Wasted 50 (19.6%) 
Severely wasted 18 (7.1%) 
Stunted 93 (36.5%) 
Severely stunted 25 (9.8%) 

* Values are mean ± SD or  (%). 

=

 



Table 14. Characteristics of children with wasting or stunting 

Characteristic 

No wasting 
(  =205) 

Wasting 
(  =50) 

Severe wasting 
(  =18) 

Female 103 (49.7 %) 17 (34 .0 %)* 8 (44.4%) 
Weaned 145 (70.7 %) 25 (50.0 %)* 7 (38.9%)* 
Age (months) 34.6 ± 14.9 29.4 ± 16.7 25.5 ± .17.0* 
DDS 4.7 ± 1.6 4.1 ± 1.7 3.7 ± 2.0* 
WAZ –1.20 ± 0.96 –2.88 ± 0.87* –3.10± 1.07* 

HAZ –1.48 ± 1.13 –1.93 ± 1.50* –1.43 ± 1.67 

MUAC (mm) 147.0 ± 10.3 125.9 ± 11.1** 120.8 ± 15.0** 

WHZ –0.51 ± 0.90 –2.52 ± 0.68** –3.13 ± 0.57** 
Stunting 70 (34%) 23 (46.0%) 5 (27.8%) 

Characteristic  
No stunting 

(  =162) 
Stunting 
(  =93) 

Severe stunting 
(  =25) 

Female  76 (46.9 %) 44 (47.3%) 13 (52.0%) 
Weaned  104 (64.2 %) 66 (70.9 %) 18 (72.0%) 
Age (months) 32.2 ± 16.6 36.1 ± 12.8 35.9 ± 13.1 

DDS 4.5 ± 1.8 4.6 ± 1.5 4.8 ± 1.4 
WAZ –1.14 ± 1.12 –2.21 ± 0.87** –2.80 ± 0.90** 
HAZ –0.92 ± 0.91 –2.73 ± 0.74** –3.71 ± 0.83** 
MUAC (mm) 144.3 ± 14.2 140.5 ± 11.7 137.0 ± 15.7* 

WHZ –0.84 ± 1.21 –0.96 ± 1.09 –0.96 ± 1.15 
Wasting 27 (16.6%) 23 (24.7%) 9 (36.0%) 

Abbreviations: DDS, dietary diversity score; WAZ, weight-for-age -score; 
HAZ, height-for-age -score; MUAC, mid-upper arm circumference; WHZ, 
weight-for-height  -score. 

Values are mean ± SD or n (%). ** and *, significant different versus control 

( <0.01 and <0.05, respectively). Children with severe wasting or severe 
stunting represent sub-populations of children with wasting or stunting, 
respectively 

Hair δ15N and δ13C: links with anthropometric parameters 
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Table 15. Pearson correlations 
coefficients between the hair 
natural abundances of stable 
nitrogen and carbon isotopes 
(δ15N and δ13C) and age and 

anthropometric indicators ( =255) 

 δ15N δ13C 

Age -0.63*** -0.32*** 
Height -0.60*** -0.23** 
Weight -0.55*** -0.24*** 
MUAC -0.29*** -0.08 
Head circumference -0.34*** -0.12 
BMI 0.11 0.01 
HAZ 0.21** 0.22** 
WHZ -0.06 -0.07 

Abbreviations: HAZ, height-for-age -
score; MUAC, mid-upper arm 
circumference; WHZ, weight-for-height -
score. 

*** <0.0001, ** <0.01. 
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Hair δ15N and δ13C: trajectories during weaning 
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Figure 19. δ15N and δ13C in hair as a function of age in children aged 6 to 60 months 

( =255). 

Empty circles represent children who were fully weaned and filled circles represent children who were partially 
or exclusively breastfed 

 



δX(age) = δX∞ + ∆ × e−k×(age − 6 months)
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Table 16. Parameter estimates [95% confidence 
intervals] for δ15N and δ13C fitted trajectories during 
weaning (exponential decay between 6 and 60 
months of age) 

 δ15N δ13C 

δX∞ (‰) 7.67 [7.21 – 8.13] -22.50 [-22.70 – 22.30] 
Δ (‰) 3.31 [2.85 – 3.76] 0.81 [0.56 – 1.05] 

 (%: months) 5.22 [3.05 – 7.39] 3.91 [2.20 – 5.62] 

Variables: δX∞, final isotopic steady state; Δ, weaning trophic level 
decrease; , isotopic turnover rate. 
 

(𝑡0.9 = −ln (1 − 0.9) 𝑘 ) ⁄

δ

± ± < δ

δ



Hair δ15N and δ13C: effects of wasting and stunting 
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Figure 20. Effect of wasting and stunting on age- and breastfeeding-adjusted δ15N and δ13C 
in hair of children (6-60 months) 

Data are least-square means ± SE; * different from control (non-wasted or non-stunted) children, <0.01. 
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Supplement 2 

Supplemental Tables 

eTable 5. SMART sample description 

Variable 
Sample 

size  

Age (month) 654 30.7 ± 15.6 
Height/length (cm) 655 84.5 ± 11.0 
Weight (kg) 655 10.9 ± 2.6 
Female 656 318 (48.5%) 
Breastfed 653 265 (40.6%) 
Wasted 656 104 (15.8%) 
Severely wasted 656 28 (4.3%) 
Stunted 656 243 (37.0%) 
Severely stunted 656 76 (11.6%) 

Values are mean ± SD or  (%) 
 

eTable 6. Effect of age and breastfeeding status on the risk of 
being wasted or stunted 

 Age (months)  Breastfeeding status 

 OR  OR 

Wasted 0.98 [0.96-1.00] <0.05  2.42 [1.29-4.56] <0.01 
Severely wasted 0.96 [0.93-0.99] <0.05  3.80 [1.42-10.76] <0.01 
Stunted 1.02 [1.00-1.03] NS  0.73 [0.42-1.27] NS 
Severely stunted 1.02 [0.99-1.04] NS  0.70 [0.26-1.70] NS 

OR, odds ratio [95% CI]. Breastfeeding status was assessed based on 
caregiver declaration. For breastfeeding status, two categories were 
considered: children exclusively or partially breastfed (breastfeeding status =1) 
and fully weaned children (breastfeeding status = 0). 

 

  



 

eTable 7. Effects of sex, breastfeeding status, 
wasting and stunting on the raw (unadjusted) 
δ15N and δ13C data 

 δ15N δ13C 

 Sex 

Boys (n=135) 8.71 ± 1.18 -22.16 ± 0.76 
Girls (n=120) 8.79 ± 1.33 -22.21 ± 0.73 

 Breastfeeding status 

Fully breastfed (n=7) 11.45 ± 0.70 -22.02 ± 0.45 
Partially breastfed (n=78) 9.73 ± 1.22** -21.92 ± 0.68 
Fully weaned (n=170) 8.19 ± 0.78** -22.32 ± 0.76* 

 Wasting 

Not wasted (n=205) 8.67 ± 1.22 -22.20 ± 0.78 
Wasted (n=50) 9.08 ± 1.34* -22.13 ± 0.61 
Severely wasted (n=18) 9.31 ± 1.39* -22.26 ± 0.73 

 Stunting 

Not stunted (n=162) 8.89 ± 1.32 -22.14 ± 0.73 
Stunted (n=93) 8.51 ± 1.10* -22.28 ± 0.78 
Severely stunted (n=25) 8.13 ± 0.85** -22.63 ± 0.94** 

δ15N and δ13C values (‰) are mean ± SD.  
* and ** indicate differences from the first line of each block, 
<0.05 and <0.01. 

 

eTable 8. Raw and age- and breastfeeding-adjusted odd ratios for 
the risk of being wasted or stunted according to hair δ15N or δ13C 
values. 

  Unadjusted  Adjusted 

  OR [CI 95%] P  OR [CI 95%] P 

Wasted 
δ15N 1.28 [1.01-1.62] 0.04  1.08 [0.78-1.51] NS 

δ13C 1.13 [0.75-1.74] NS  0.95 [0.60-1.52] NS 

Severely wasted 
δ15N 1.44 [1.01-2.02] 0.04  1.11 [0.70-1.78] NS 

δ13C 0.90 [0.48-1.69] NS  0.61 [0.29-1.24] NS 

Stunted  
δ15N 0.77 [0.62-0.96] 0.02  0.79 [0.58-1.06] NS 

δ13C 0.78 [0.55-1.10] NS  0.90 [0.62-1.31] NS 

Severely stunted 
δ15N 0.54 [0.32-0.82] <0.01  0.53 [0.29-0.91] 0.02 
δ13C 0.43 [0.24-0.76] <0.01  0.55 [0.28-1.02] 0.06 

OR, odds ratio [95% CI]. 
 

  



Supplementary Analyses 

δ δ

δ δ

δ δ

eTable 9. δ15N and δ13C evolution between two consecutive 
hair segments 

Fixed effects of the mixed model† δ15N δ13C 

Segment p<0.05 p<0.05 
Age at inclusion p<0.0001 p<0.0001 

Post-hoc comparisons 
Distal segment 

(-5 to -3 weeks)‡ 
Proximal segment 
(-3 to -1 weeks)‡ 

δ15N 8.78 ± 0.06 8.75 ± 0.06* 
δ13C -22.15 ± 0.05 -22.18 ± 0.04* 

†Type 3 fixed effects of the mixed model 
‡δ15N and δ13C values (‰) are least-square means ± SE 
* Significantly different from the older segment, P<0.05 
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eTable 10. Effect of stunting and wasting on δ15N and δ13C 
evolution between two consecutive hair segments 

Fixed effects and interaction mixed models† δ15N δ13C 

Model for 
wasting 

Segment p<0.05 p=0.10 

Age at inclusion p<0.0001 p<0.0001 

Wasting NS NS 

Segment*Wasting NS NS 

Model for 
severe wasting 

Segment p=0.06 p=0.05 

Age at inclusion p<0.0001 p<0.0001 

Severe wasting NS NS 

Segment*Severe wasting NS NS 

Model for 
stunting 

Segment p<0.05 p<0.05 

Age at inclusion p<0.0001 p<0.0001 

Stunting NS NS 

Segment*Stunting NS NS 

Model for 
severe stunting 

Segment p<0.01 NS 

Age at inclusion p<0.0001 p<0.0001 

Severe stunting p<0.01 p<0.01 

Segment*Severe stunting NS NS 

†Type 3 fixed effects and interaction of the mixed model. 
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Results 

Anthropometric characteristics according to the different SAM phenotypes 

Table 17. Anthropometric and isotopic values 
according to the three anthropometric phenotypes 
of SAM 

 MUAC-only WHZ&MUAC WHZ-only 

N 43 41 43 
Age (months) 8.4 ± 4.0a 15.2 ± 8.8b 28.7 ± 17.7c 
Height (cm) 62.5 ± 4.3a 70.1 ± 8.6b 83.1 ± 12.8c 
Weight (kg) 5.4 ± 0.8a 6.0 ± 1.3a 8.6 ± 2.2b 
MUAC (mm) 111 ± 3a 122 ± 5b 109 ± 6c 
BMI (kg/m-2) 13.7 ± 0.7a 12.2 ± 0.8b 12.3 ± 0.7b 
HAZ -3.06 ± 1.48a -2.58 ± 1.39a -1.66 ± 1.13b 
WAZ -3.52 ± 0.87a -4.03 ± 0.71b -3.22 ± 0.59a 
WHZ -2.16 ± 0.60a -3.65 ± 0.59b -3.39 ± 0.27b 

Data are mean ± SD; means with different letters are different, 
p<0.05 

Correlation between anthropometric parameters and natural isotopic abundances in hair 

δ δ

 



Table 18. Pearson correlation coefficients 
and associated P values between δ15N or 

δ13C and age or anthropometric 
parameters 

 δ15N δ13C 

Age (months) -0.61 (P<0.0001) -0.24 (P<0.01) 
Height (cm) -0.53 (p<0.0001) -0.24 (P<0.01) 
Weight (kg) -0.52 (p<0.0001) -0.24 (P<0.01) 
MUAC (mm) -0.16 (NS) -0.20 (P<0.05) 
BMI (kg/m-2) 0.39 (P<0.0001) 0.05 (NS) 
HAZ 0.05 (NS) -0.03 (NS) 
WAZ 0.14 (NS) -0.09 (NS) 
WHZ 0.21 (P<0.05) 0.02 (NS) 
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Effect of SAM phenotypes on natural isotopic abundances in hair 
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Figure 21. Age-adjusted hair δ15N and δ13C according to the different SAM 
phenotypes 

Different letters indicate statistically significant differences in isotopic values ( <0.05). 
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Table 19. Main and covariate effects on hair δ15N and 

δ13C using different adjustment 

Effects δ15N δ13C 

Unadjusted model 

Phenotype <0.01 (MUAC > others) NS 

Age-adjusted model 

Phenotype <0.05 (WHZ > WHZ&MUAC) NS 
Age β = –0.062, <0.0001 β = –0.017, < 0.01 

Age and WAZ-adjusted model 

Phenotype NS NS 
Age β = –0.062, <0.0001 β = –0.017, < 0.01 
WAZ β = –0.304, <0.05 NS 

Age and HAZs-adjusted model 

Phenotype NS NS 
Age β = –0.061, < 0.0001 β = –0.017, < 0.01 
HAZ β = –0.144,  < 0.05 NS 

Abbreviations: HAZ, height-for-age- -score; MUAC, mid-upper arm 
circumference; NS, not significant; WAZ, weight-for-height -score. 

Hair δ15N and risk WHZ or MUAC SAM diagnosis  

δ

 



Table 20. OR and confidence interval for the risk 
of being severely acutely malnourished 
according to MUAC (<115 mm) or WHZ (<–3) as 

a function of hair δ15N in unadjusted and adjusted 
models 

 Risk of MUAC <115 mm Risk of WHZ ratio <–3 

Factor OR [CI 95%] OR [CI 95%] 

Unadjusted bivariate model 

δ15N 0.35 [0.06-0.66] 0.57 [0.40-0.77] 

Age-adjusted model 

δ 15N 0.56 [0.34-0.89] 0.86 [0.58-1.28] 
Age 0.87 [0.82-0.92] 1.19 [1.10-1.31] 

Age and WAZ-adjusted model 

δ 15N 0.63 [0.36-1.04] 0.91 [0.60-1.38] 

Age 0.86 [0.81-0.92] 1.19 [1.10-1.31] 
WAZ 0.34 [0.16-0.66] 0.82 [0.46-1.41] 

Age and HAZ-adjusted model 

δ 15N 0.60 [0.35-1.01] 0.62 [0.36-1.01] 

Age 0.87 [0.81-0.92] 1.23 [1.12-1.38] 
HAZ 0.51 [0.33-0.14] 2.06 [1.42-3.20] 

δ

δ

<

 



Discussion 

δ

δ

δ

δ

δ

δ

δ

<

⩾ δ

δ

⩾

δ δ

<

δ

δ

δ

δ

δ δ δ



δ

δ

δ

 



 

 

  



Preliminary bio-electric impedance (vector) analyses in young 

children with SAM at admission to nutritional rehabilitation 

Trenton Dailey-Chwalibóg,1 , 2 ,3* Jonathan C.K. Wells,4 , Issa A. Kemokai,5  Md. Rayhan 

Mostak,6,7 Md. Abdul Alim,8 Murad Md. Shamsher Tabris Khan,8 Md. Abdul Hashem Khan,9 

Luke Bawo, 10  Nelson K. Dunbar,10 Curtis H. Taylor, 11  Jean-François Huneau,2 Patrick 

Kolsteren,3 Benjamin Guesdon1 

 

Affiliations 
1. Department of Expertise and Advocacy, Action Against Hunger, Paris, France 
2. UMR Physiologie de la Nutrition et du Comportement Alimentaire, AgroParisTech, INRA, Université Paris-Saclay, Paris, 
France 
3. Department of Food Safety and Food Quality, Ghent University, Belgium 
4. University College London (UCL) 
5. Action Against Hunger, Liberia 
6. Action Against Hunger, Bangladesh 
7. Palli Karma-Sahayak Foundation (PKSF), Bangladesh 
8. National Nutrition Service (NNS), Institute of Public Health Nutrition (IPHN), Bangladesh 
9. Community Based Health Care (CBHC), Dhaka, Bangladesh 
10. Ministry of Health, Monrovia, Liberia 
11.  Pacific Institute for Research and Evaluation (UL-PIRE), University of Liberia, Monrovia, Liberia 



Introduction 

 



 

Figure 22. Bio-electric impedance vector analysis (BIVA) patterns on the R/H-Xc/H graph 

Vector displacement parallel to the major axis of the tolerance ellipse indicate progressive changes in hydration whereas 
displacement parallel to the minor axis indicates more (above, left) or less (below, right) cell mass contained in soft tissues. 
Vectors falling outside the 75% tolerance ellipse indicate abnormal tissue impedance. 

Source: Piccoli et al., 2002. 

 



Methods 

Study design and setting 

Participants 

Data collection 

https://clinicaltrials.gov/ct2/show/NCT03400930


Table 21. BIA quality scale 

Rating Description 

Ideal Limbs not touching and straight 

• Child lying on his/her back, arms towards the lower body, straight elbows and legs, thighs apart, arms 
not touching the body, calm. All limbs resting on the ground. 

Good Limbs not touching, very slight bends in arms and legs 

• Small variations from the ideal position: slight bends in the knees or the elbows, but overall the child is 
lying flat, relatively calm and most importantly the arms are not touching the torso and the thighs are not 
touching each other either (no touching whatsoever). 

Fair Limbs not touching but bent 

• Limbs separate, not touching, legs or arms maybe bent and/or arms until elbow on the ground but from 
elbow onwards possibly in the air or towards the upper body. 

Bad Limbs touching 

• Arms touching the torso and/or thighs or feet touching each other but child still at the moment of the 
measurement. 

Catastrophic Child moving 

• Child crying, moving, contracted, not laying on his/her back (sitting, or on the side), caretaker touching 
the child. 
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Data analysis 

1. Standard Deviation Scores (SDS) 
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2. Bioimpedance Vector Analysis (BIVA) 
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Figure 23: Centile charts for BIVA outputs R and Xc (left column males, right column females) 
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Figure 24: Centile charts for BIVA outputs R/H and Xc/H (left column males, right column females) 
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Figure 25: Centile charts for BIVA outputs PA and H²/Z (left column males, right column females) 
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Figure 26: Centile charts for BIVA output 1/Z (left column males, right column females) 
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Table 22. Mean (and median) BIVA parameter SDS and absolute body composition 
from BIA 

 

WHZ-only 
(  =138) 

WHZ&MUAC 
(  =152) 

MUAC-only 
(  =161) 

R-SDS (  =243) 1.12 ± 1.43 1.41 ± 1.79 0.80 ± 1.48 0.0464 

Xc-SDS  (  =226) 0.05 ± 1.13 0.35 ± 1.40 –0.18 ± 1.40 0.0516 

R/H-SDS (  =242) 1.49 ± 1.40 1.76 ± 1.62 1.44 ± 1.53 0.3272 

Xc-SDS (  =233) 0.13 [–0.81 –0.74] 0.57 [–0.56 - 1.35] 0.06 [–0.68 - 1.07] 0.1355 

PA-SDS (  =201) -0.62 [–2.03 - –0.28] –1.02 [–1.86 - –0.10] –0.77 [–2.02 - –0.06] 0.9870 

H²-SDS (  =234) -1.13 ± 1.16 –1.67 ± 1.25 –1.59 ± 1.32 0.0152 

1/Z-SDS (  =154) -72.48 [–73.33 - –71.47] –72.27 [–73.49 - –71.06] –71.65 [–72.59 - –70.70] 0.0368 

TBW (  =234) 4.70 [4.23 - 5.82] 4.15 [3.85 - 4.57] 4.13 [3.76 - 4.56] 0.0001 

FFM (  =234) 5.93 [5.33 - 7.37] 5.23 [4.84 - 5.77] 5.21 [4.73 - 5.76] 0.0001 

FM (  =234) 1.20 ± 0.99 0.45 ± 0.78 0.70 ± 0.84 0.0000 

FFMI (  =234) 10.39 [9.48 - 11.62] 11.38 [10.46 - 12.54] 12.28 [11.02 - 13.36] 0.0001 

FMI (  =234) 2.22 [1.06 - 2.80] 1.00 [–0.32 - 2.02] 1.56 [0.28 - 2.64] 0.0006 

Abbreviations: FFM, fat-free mass; FFMI, fat-free mass index; FM, fat mass; FMI, fat mass index; PA, phase 
angle; R, resistance; SDS, standard deviation score; TBW, total body water; Xc, reactance; Z, impedance. 

Values are mean ± SD or median [IQR] for normally distributed and skewed data, respectively. 

 



Table 23. Pairwise comparisons 

 
WHZ-only vs.  
MUAC-only 

WHZ-only vs.  
WHZ&MUAC 

MUAC-only vs. 
WHZ&MUAC 

R-SDS 0.1521 0.2575 0.0182 
Xc-SDS 0.2811 0.8831 0.0231 
H²-SDS 0.0192 0.0067 0.7065 
1/Z-SDS 0.0236 0.0443 0.8155 
TBW 0.0001 0.0001 0.5979 
FFM 0.0001 0.0001 0.5979 
FM 0.0007 0.0000 0.0539 
FFMI 0.0001 0.0007 0.0063 
FMI 0.1227 0.0001 0.0287 

Abbreviations: FFM, fat-free mass; FFMI, fat-free mass 
index; FM, fat mass; FMI, fat mass index; PA, phase 
angle; R, resistance; SDS, standard deviation score; 
TBW, total body water; Xc, reactance; Z, impedance. 

Values are p-values from pairwise comparisons in Table 
22. 
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 Figure 27: Confidence ellipses by anthropometric phenotype (left panel males, right panel females) 

— reference; — MUAC-only; — both-WHZ&MUAC; — WHZ-only. 



 

Figure 28: Tolerance ellipses for males 

Abbreviations: H, height; R, resistance; Xc, reactance. 

 MUAC-only; ◆ both-WHZ&MUAC;  WHZ-only. 

 



 

Figure 29: Tolerance ellipses for females 

Abbreviations: H, height; R, resistance; Xc, reactance. 

 MUAC-only; ◆ MUAC&WHZ;  WHZ-only. 

 



Table 24. Chi-square analysis of category by anthropometric 
phenotype 

 MUAC-only WHZ&MUAC WHZ-only p 

>75% tolerance interval 60.2 (50) 64.8 (46) 52.4 (42) 0.296 

>95% tolerance interval 30.1 (25) 40.9 (29) 25.0 (20) 0.105 

Quadrant I: Lean 57.8 (48) 50.7 (36) 36.3 (29) 0.020 

Quadrant II: Athletic 20.1 (25) 33.8 (24) 31.3 (25) 0.883 

Quadrant III: Obese 2.4 (2) 7.0 (5) 17.5 (14) 0.003 

Quadrant IV: Cachectic 9.6 (8) 8.5 (6) 15.0 (12) 0.384 

Abbreviations: MUAC, mid-upper arm circumference; WHZ, weight-for-height 
-score. 

Values are % ( ). 
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