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Appendix Table 1. Baseline characteristics and outcomes of cholera cases by wave in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025 (N = 203201)

	Characteristic
	Cases, no. (%)
	Alive, no. (%)
	Dead, no. (%)
	Wave 1, no. (%)
	Wave 2 (Increasing)‡, no. (%)
	Wave 2 (Decreasing)§, no. (%)
	Wave 3, no. (%)
	Wave 4, no. (%)
	Wave 5, no. (%)
	Median time-to-outcome‡‡
	p-value

	Summary Stats
	
	
	
	
	
	
	
	
	
	
	

	Total cases
	203201
	202924 (99.9)
	277 (0.1)
	40 (100.0)
	28719 (100.0)
	78246 (100.0)
	61135 (100.0)
	13995 (100.0)
	21066 (100.0)
	NA
	NA

	Demographics
	
	
	
	
	
	
	
	
	
	
	

	Age, median (IQR), y
	12.0 (3.0–30.0)
	12.0 (3.0–30.0)
	40.0 (3.0–70.0)
	NA
	16.0 (5.0–30.0)
	7.0 (2.0–23.0)
	14.0 (4.0–33.0)
	15.0 (5.0–32.0)
	23.0 (8.0–40.0)
	NA
	<0.001

	Age group
	
	
	
	
	
	
	
	
	
	
	

	<5 y
	61786 (30.4)
	61708 (30.4)
	78 (28.2)
	0 (0.0)
	6960 (24.2)
	32545 (41.6)
	15430 (25.2)
	3239 (23.1)
	3612 (17.1)
	4.0
	<0.001

	5–17 y
	56255 (27.7)
	56222 (27.7)
	33 (11.9)
	0 (0.0)
	7991 (27.8)
	21249 (27.2)
	17803 (29.1)
	4218 (30.1)
	4994 (23.7)
	4.0
	<0.001

	18–44 y
	58421 (28.8)
	58388 (28.8)
	33 (11.9)
	0 (0.0)
	9989 (34.8)
	17846 (22.8)
	18342 (30.0)
	4464 (31.9)
	7780 (36.9)
	4.0
	<0.001

	45–60 y
	17645 (8.7)
	17589 (8.7)
	56 (20.2)
	0 (0.0)
	2680 (9.3)
	4588 (5.9)
	6102 (10.0)
	1348 (9.6)
	2927 (13.9)
	4.0
	<0.001

	>60 y
	8974 (4.4)
	8897 (4.4)
	77 (27.8)
	0 (0.0)
	1092 (3.8)
	1958 (2.5)
	3445 (5.6)
	726 (5.2)
	1753 (8.3)
	7.0
	<0.001

	Sex
	
	
	
	
	
	
	
	
	
	
	

	Female sex
	101685 (50.0)
	101532 (50.0)
	153 (55.2)
	0 (0.0)
	14568 (50.7)
	36934 (47.2)
	32527 (53.2)
	6561 (46.9)
	11095 (52.7)
	5.0
	<0.001

	Male sex
	101476 (49.9)
	101352 (49.9)
	124 (44.8)
	0 (0.0)
	14151 (49.3)
	41312 (52.8)
	28608 (46.8)
	7434 (53.1)
	9971 (47.3)
	5.0
	<0.001

	Location
	
	
	
	
	
	
	
	
	
	
	

	Rural
	181095 (89.1)
	180831 (89.1)
	264 (95.3)
	40 (100.0)
	26447 (92.1)
	68749 (87.9)
	53348 (87.3)
	12895 (92.1)
	19616 (93.1)
	4.0
	<0.001

	Urban
	22106 (10.9)
	22093 (10.9)
	13 (4.7)
	0 (0.0)
	2272 (7.9)
	9497 (12.1)
	7787 (12.7)
	1100 (7.9)
	1450 (6.9)
	5.5
	<0.001

	Clinical Profile
	
	
	
	
	
	
	
	
	
	
	

	AWD (yes)
	177466 (87.3)
	177320 (87.4)
	146 (52.7)
	0 (0.0)
	7255 (25.3)
	74027 (94.6)
	61123 (100.0)
	13995 (100.0)
	21066 (100.0)
	5.0
	<0.001

	Vomiting (yes)
	139967 (68.9)
	139709 (68.8)
	258 (93.1)
	0 (0.0)
	22984 (80.0)
	45554 (58.2)
	44617 (73.0)
	10242 (73.2)
	16570 (78.7)
	4.5
	<0.001

	Severe dehydration
	20728 (10.2)
	20539 (10.1)
	189 (68.2)
	0 (0.0)
	3110 (10.8)
	1704 (2.2)
	5638 (9.2)
	783 (5.6)
	9493 (45.1)
	7.0
	<0.001

	Management
	
	
	
	
	
	
	
	
	
	
	

	ORS
	32012 (15.8)
	32009 (15.8)
	3 (1.1)
	0 (0.0)
	307 (1.1)
	15927 (20.4)
	11259 (18.4)
	2597 (18.6)
	1922 (9.1)
	3.0
	<0.001

	ORS + IV fluid
	67681 (33.3)
	67651 (33.3)
	30 (10.8)
	0 (0.0)
	1501 (5.2)
	29367 (37.5)
	25263 (41.3)
	5494 (39.3)
	6056 (28.7)
	5.0
	<0.001

	ORS + IV + abx
	69907 (34.4)
	69687 (34.3)
	220 (79.4)
	0 (0.0)
	22232 (77.4)
	16404 (21.0)
	13959 (22.8)
	4541 (32.4)
	12771 (60.6)
	6.5
	<0.001

	ORS + abx
	28770 (14.2)
	28764 (14.2)
	6 (2.2)
	0 (0.0)
	308 (1.1)
	16129 (20.6)
	10653 (17.4)
	1363 (9.7)
	317 (1.5)
	5.5
	<0.001

	Districts
	
	
	
	
	
	
	
	
	
	
	

	Al-Asha
	14436 (7.1)
	14409 (7.1)
	27 (9.7)
	0 (0.0)
	1957 (6.8)
	6852 (8.8)
	3133 (5.1)
	370 (2.6)
	2124 (10.1)
	5.0
	<0.001

	Al-Madan
	14477 (7.1)
	14464 (7.1)
	13 (4.7)
	1 (2.5)
	1943 (6.8)
	6206 (7.9)
	4492 (7.3)
	1320 (9.4)
	515 (2.4)
	5.0
	<0.001

	Al-Qaflah
	13091 (6.4)
	13079 (6.4)
	12 (4.3)
	0 (0.0)
	2406 (8.4)
	5581 (7.1)
	1939 (3.2)
	141 (1.0)
	3024 (14.4)
	5.0
	<0.001

	Amran
	22136 (10.9)
	22123 (10.9)
	13 (4.7)
	30 (75.0)
	2272 (7.9)
	9497 (12.1)
	7787 (12.7)
	1100 (7.9)
	1450 (6.9)
	5.0
	<0.001

	As Sawd
	6135 (3.0)
	6125 (3.0)
	10 (3.6)
	0 (0.0)
	296 (1.0)
	3813 (4.9)
	1406 (2.3)
	396 (2.8)
	224 (1.1)
	5.0
	<0.001

	As Sudah
	5763 (2.8)
	5759 (2.8)
	4 (1.4)
	0 (0.0)
	394 (1.4)
	2206 (2.8)
	2515 (4.1)
	402 (2.9)
	246 (1.2)
	5.0
	<0.001

	Bani Surim
	11603 (5.7)
	11594 (5.7)
	9 (3.2)
	0 (0.0)
	1383 (4.8)
	3160 (4.0)
	3244 (5.3)
	1439 (10.3)
	2377 (11.3)
	5.0
	<0.001

	Dhi Bin
	7910 (3.9)
	7901 (3.9)
	9 (3.2)
	0 (0.0)
	589 (2.1)
	3298 (4.2)
	2931 (4.8)
	789 (5.6)
	303 (1.4)
	5.0
	<0.001

	Habur Zulaymah
	10821 (5.3)
	10782 (5.3)
	39 (14.1)
	0 (0.0)
	3426 (11.9)
	2973 (3.8)
	3210 (5.3)
	825 (5.9)
	387 (1.8)
	5.0
	<0.001

	Harf Sufyan
	12851 (6.3)
	12825 (6.3)
	26 (9.4)
	0 (0.0)
	2076 (7.2)
	6067 (7.8)
	2801 (4.6)
	768 (5.5)
	1139 (5.4)
	5.0
	<0.001

	Huth
	10563 (5.2)
	10544 (5.2)
	19 (6.9)
	0 (0.0)
	865 (3.0)
	1398 (1.8)
	5457 (8.9)
	1233 (8.8)
	1610 (7.6)
	5.0
	<0.001

	Iyal Surayh
	3371 (1.7)
	3361 (1.7)
	10 (3.6)
	0 (0.0)
	529 (1.8)
	930 (1.2)
	1362 (2.2)
	118 (0.8)
	432 (2.1)
	5.0
	<0.001

	Jabal Iyal Yazid
	14889 (7.3)
	14879 (7.3)
	10 (3.6)
	0 (0.0)
	847 (2.9)
	4926 (6.3)
	6129 (10.0)
	2074 (14.8)
	913 (4.3)
	5.0
	<0.001

	Khamir
	9019 (4.4)
	9009 (4.4)
	10 (3.6)
	9 (22.5)
	1525 (5.3)
	1704 (2.2)
	3162 (5.2)
	88 (0.6)
	2531 (12.0)
	5.0
	<0.001

	Kharef
	6133 (3.0)
	6124 (3.0)
	9 (3.2)
	0 (0.0)
	688 (2.4)
	2727 (3.5)
	1732 (2.8)
	400 (2.9)
	586 (2.8)
	5.0
	<0.001

	Maswar
	8209 (4.0)
	8202 (4.0)
	7 (2.5)
	0 (0.0)
	1621 (5.6)
	3787 (4.8)
	1749 (2.9)
	446 (3.2)
	606 (2.9)
	5.0
	<0.001

	Raydah
	7686 (3.8)
	7675 (3.8)
	11 (4.0)
	0 (0.0)
	850 (3.0)
	2883 (3.7)
	1728 (2.8)
	1200 (8.6)
	1025 (4.9)
	5.0
	<0.001

	Shaharah
	11281 (5.6)
	11271 (5.6)
	10 (3.6)
	0 (0.0)
	2869 (10.0)
	5087 (6.5)
	2297 (3.8)
	132 (0.9)
	896 (4.3)
	5.0
	<0.001

	Suwayr
	5568 (2.7)
	5544 (2.7)
	24 (8.7)
	0 (0.0)
	1326 (4.6)
	2682 (3.4)
	1131 (1.9)
	138 (1.0)
	291 (1.4)
	5.0
	<0.001

	Thula
	7259 (3.6)
	7254 (3.6)
	5 (1.8)
	0 (0.0)
	857 (3.0)
	2469 (3.2)
	2930 (4.8)
	616 (4.4)
	387 (1.8)
	5.0
	<0.001


Footnotes:
Abbreviations: abx, antibiotics; AWD, acute watery diarrhea; CFR, case-fatality rate; IQR, interquartile range; IV, intravenous; NA, not applicable; ORS, oral rehydration salts.

† Wave periods are defined as: Wave 1 (Sep 28, 2016–Apr 23, 2017), Wave 3 (Mar 13, 2018–Dec 30, 2019), Wave 4 (Jan 1, 2020–Oct 31, 2023), and Wave 5 (Nov 1, 2023–May 18, 2025).

‡ Wave 2 (increasing) phase covers Apr 24, 2017–Jul 2, 2017.

§ Wave 2 (decreasing) phase covers Jul 3, 2017–Mar 12, 2018.

‡‡ Time to outcome is measured in days from symptom onset to in-facility discharge or death.

Appendix Table 2. Parsimonious joinpoint regression analysis of weekly cholera incidence in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025

	Segment
	Period
	WPC (%)
	95% CI
	p-value

	Phase 1
	November 2016 – July 2017
	+33.44
	(28.31, 38.76)
	<0.001

	Phase 2
	July 2017 – August 2023
	−1.87
	(−5.73, 2.14)
	0.354

	Phase 3
	August 2023 – May 2025
	+4.98
	(3.77, 6.20)
	<0.001


Footnotes:
Abbreviations: CI, confidence interval; WPC, weekly percent change.

† The model was optimized using the Bayesian Information Criterion (BIC) with a minimum segment length of 26 weeks.

Appendix Table 3. High-resolution temporal analysis of epidemiological and environmental anomalies preceding the August 2023 cholera resurgence in study of cholera surveillance in Amran Governorate, Yemen

	Week (Onset)
	Reported Cases (n)
	Incidence Residual
	Rainfall Anomaly (Z-score)

	2023-07-02
	3
	−312.41
	−2.56

	2023-07-09
	4
	−291.28
	−2.67

	2023-07-16
	5
	−198.90
	−2.54

	2023-07-23
	4
	−231.07
	−2.42

	2023-07-30
	1
	−231.49
	−2.13

	2023-08-06
	4
	−201.48
	−1.37

	2023-08-13
	3
	−200.61
	−0.83

	2023-08-20
	2
	−201.90
	−0.29

	2023-08-27
	0
	−111.61
	0.25

	2023-09-03
	1
	−211.74
	0.60

	2023-09-10
	5
	−127.11
	0.58

	2023-09-17
	0
	−112.77
	0.48

	2023-09-24
	0
	−71.40
	0.39


Footnotes:
Incidence residual represents the deviation in case counts from the extracted underlying trend; negative values indicate that observed cases were lower than the long-term expected baseline. Rainfall anomaly (Z-score) is calculated as the standard deviation from the historical mean precipitation for that period. Scores below –2.0 (bolded) represent extreme negative precipitation shocks (extreme dryness).
Appendix Table 4. Annual distribution of suspected cholera cases, deaths, and associated rates in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025 (N = 203201)

	Year
	Population
	Cases
	AR per 10000
	Deaths
	CFR (%)

	2016
	1086265
	31
	0.29
	0
	0.00

	2017
	1112132
	103076
	926.83
	184
	0.18

	2018
	1138615
	14701
	129.11
	7
	0.05

	2019
	1165728
	50332
	431.76
	44
	0.09

	2020
	1193487
	9548
	80.00
	1
	0.01

	2021
	1221907
	3577
	29.27
	2
	0.06

	2022
	1245185
	783
	6.29
	2
	0.26

	2023
	1268906
	90
	0.71
	1
	1.11

	2024
	1293079
	20380
	157.61
	35
	0.17

	2025
	1317712
	683
	5.18
	1
	0.15

	Total
	1317712
	203201
	1542.07
	277
	0.14


Footnotes:
Abbreviations: AR, attack rate; CFR, case-fatality rate.

Appendix Table 5. Completeness of surveillance variables among suspected cholera cases reported in Amran Governorate, Yemen, September 2016–May 2025 (N = 203201)

	Variable
	Total observations (N)
	Missing (n)
	Missing (%)
	Classification

	Variables included in primary analyses
	
	
	
	

	Outcome
	203201
	5253
	2.59
	True missingness

	Treatment received
	203201
	4830
	2.38
	True missingness

	Vomiting
	203201
	1097
	0.54
	True missingness

	Age group
	203201
	120
	0.06
	True missingness

	Age (years)
	203201
	40
	0.02
	True missingness

	Acute watery diarrhea (AWD)
	203201
	40
	0.02
	True missingness

	Dehydration severity
	203201
	40
	0.02
	True missingness

	Sex
	203201
	40
	0.02
	True missingness

	District of residence
	203201
	0
	0.00
	Complete

	Season (rainy/non-rainy)
	203201
	0
	0.00
	Complete

	Date of symptom onset
	203201
	0
	0.00
	Complete

	Epidemic wave
	203201
	0
	0.00
	Complete

	Residence type (urban/rural)
	203201
	0
	0.00
	Complete

	Variables excluded from multivariable analyses
	
	
	
	

	Stool specimen sent for culture
	203201
	201574
	99.20
	Structural missingness

	Water source
	203201
	197319
	97.11
	Structural missingness

	Suspected infection source
	203201
	192945
	94.95
	Structural missingness

	Culture result
	203201
	183468
	90.29
	Structural missingness

	Rapid diagnostic test (RDT) result
	203201
	103511
	50.94
	Structural missingness


Footnotes:
Abbreviations: AWD, acute watery diarrhea; NA, not applicable; RDT, rapid diagnostic test.

† Missingness was assessed across all variables prior to analysis. Variables included in the primary descriptive and multivariable analyses demonstrated high completeness, with missingness below 3% for all key demographic, clinical, treatment, and outcome variables. Laboratory and exposure-related variables exhibited substantial structural missingness because these data were collected selectively according to national surveillance protocols and operational requirements rather than being routinely recorded for all suspected cholera cases. Complete-case analysis was used for multivariable regression modeling.

Appendix Table 6. Attack rate per 10000 population across epidemic waves in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025 (N = 203201)

	Category / District
	Wave 1
	Wave 2 (Increasing)‡
	Wave 2 (Decreasing)§
	Wave 3
	Wave 4
	Wave 5

	Sex
	
	
	
	
	
	

	Male sex
	NA
	130.99
	324.38
	279.03
	53.24
	84.99

	Female sex
	NA
	127.24
	362.83
	245.41
	60.32
	76.38

	Age group (years)
	
	
	
	
	
	

	<5
	NA
	62.58
	285.83
	132.36
	26.28
	27.67

	5–17
	NA
	71.85
	186.62
	152.72
	34.23
	38.26

	18–44
	NA
	89.82
	156.73
	157.34
	36.22
	59.60

	45–60
	NA
	24.10
	40.29
	52.34
	10.94
	22.42

	>60
	NA
	9.82
	17.20
	29.55
	5.89
	13.43

	Districts
	
	
	
	
	
	

	Amran
	2.50
	186.13
	765.03
	616.80
	82.83
	103.80

	Al-Asha
	NA
	378.75
	1300.36
	583.04
	64.92
	351.40

	Al-Madan
	0.28
	528.92
	1652.38
	1169.82
	321.65
	117.42

	Al-Qaflah
	NA
	578.34
	1315.87
	448.43
	30.77
	622.84

	As Sawd
	NA
	78.16
	987.88
	357.41
	95.08
	50.80

	As Sudah
	NA
	92.73
	509.28
	569.57
	85.94
	49.64

	Bani Surim
	NA
	542.95
	1217.44
	1226.51
	514.19
	802.72

	Dhi Bin
	NA
	150.69
	827.48
	721.19
	183.11
	66.32

	Huth
	NA
	256.84
	407.24
	1559.54
	332.73
	410.25

	Habur Zulaymah
	NA
	622.77
	529.89
	560.96
	135.90
	60.09

	Harf Sufyan
	NA
	383.49
	1100.39
	498.80
	129.45
	181.71

	Iyal Surayh
	NA
	79.35
	136.82
	196.53
	16.06
	55.48

	Jabal Iyal Yazid
	NA
	74.65
	425.60
	519.11
	165.48
	68.62

	Khamir
	1.01
	168.71
	185.71
	339.49
	9.03
	248.37

	Kharef
	NA
	116.69
	453.53
	282.46
	61.51
	84.96

	Maswar
	NA
	306.53
	702.68
	318.45
	76.72
	98.50

	Raydah
	NA
	136.76
	454.90
	267.39
	175.13
	141.09

	Shaharah
	NA
	460.83
	796.70
	350.77
	18.69
	117.57

	Suwayr
	NA
	400.56
	795.16
	329.09
	37.96
	75.68

	Thula
	NA
	164.28
	464.33
	540.60
	107.32
	63.67

	Total Population AR
	0.18
	129.12
	343.60
	262.22
	56.78
	80.69


Footnotes:
Abbreviations: AR, attack rate; NA, not applicable.

† Wave periods are defined as: Wave 1 (Sep 28, 2016–Apr 23, 2017), Wave 3 (Mar 13, 2018–Dec 30, 2019), Wave 4 (Jan 1, 2020–Oct 31, 2023), and Wave 5 (Nov 1, 2023–May 18, 2025). Total population AR provides the governorate-wide AR for each wave, calculated using the weighted population denominators.

‡ Wave 2 (increasing) phase covers Apr 24, 2017–Jul 2, 2017.

§ Wave 2 (decreasing) phase covers Jul 3, 2017–Mar 12, 2018.

Appendix Table 7. Deaths and case-fatality rates across epidemic waves in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025 (N = 277)

	Category / District
	Wave 2 (Increasing)‡
	Wave 2 (Decreasing)§
	Wave 3
	Wave 4
	Wave 5
	Total Deaths (CFR%)

	Sex
	
	
	
	
	
	

	Male sex
	65 (0.46)
	13 (0.03)
	24 (0.08)
	2 (0.03)
	20 (0.21)
	124 (0.12)

	Female sex
	83 (0.57)
	23 (0.06)
	27 (0.08)
	4 (0.06)
	16 (0.14)
	153 (0.15)

	Age group (years)
	
	
	
	
	
	

	<5
	42 (0.60)
	17 (0.05)
	9 (0.06)
	1 (0.03)
	9 (0.25)
	78 (0.13)

	5–17
	20 (0.25)
	1 (0.005)
	5 (0.03)
	2 (0.05)
	5 (0.10)
	33 (0.06)

	18–44
	21 (0.21)
	4 (0.02)
	3 (0.02)
	1 (0.02)
	4 (0.05)
	33 (0.06)

	45–60
	32 (1.19)
	7 (0.15)
	10 (0.16)
	1 (0.07)
	6 (0.21)
	56 (0.32)

	>60
	33 (3.02)
	7 (0.36)
	24 (0.70)
	1 (0.14)
	12 (0.68)
	77 (0.85)

	District
	
	
	
	
	
	

	Suwayr
	19 (1.43)
	3 (0.11)
	2 (0.18)
	0 (0.00)
	0 (0.00)
	24 (0.43)

	Habur Zulaymah
	30 (0.88)
	3 (0.10)
	4 (0.12)
	1 (0.12)
	1 (0.26)
	39 (0.36)

	Iyal Surayh
	2 (0.38)
	4 (0.43)
	4 (0.29)
	0 (0.00)
	0 (0.00)
	10 (0.30)

	Harf Sufyan
	14 (0.67)
	6 (0.10)
	3 (0.11)
	0 (0.00)
	3 (0.26)
	26 (0.20)

	Al-Asha
	18 (0.92)
	3 (0.04)
	2 (0.06)
	0 (0.00)
	4 (0.19)
	27 (0.19)

	Huth
	3 (0.35)
	1 (0.07)
	8 (0.15)
	1 (0.08)
	6 (0.37)
	19 (0.18)

	As Sawd
	1 (0.34)
	2 (0.05)
	5 (0.36)
	1 (0.25)
	1 (0.45)
	10 (0.16)

	Kharef
	3 (0.44)
	1 (0.04)
	2 (0.12)
	0 (0.00)
	3 (0.51)
	9 (0.15)

	Raydah
	3 (0.35)
	0 (0.00)
	2 (0.12)
	1 (0.08)
	5 (0.49)
	11 (0.14)

	Dhi Bin
	6 (1.02)
	3 (0.09)
	0 (0.00)
	0 (0.00)
	0 (0.00)
	9 (0.11)

	Khamir
	6 (0.39)
	0 (0.00)
	2 (0.06)
	1 (1.14)
	1 (0.04)
	10 (0.11)

	Al-Qaflah
	6 (0.25)
	2 (0.04)
	2 (0.10)
	0 (0.00)
	2 (0.07)
	12 (0.09)

	Al-Madan
	6 (0.31)
	1 (0.02)
	4 (0.09)
	1 (0.08)
	1 (0.19)
	13 (0.09)

	Shaharah
	6 (0.21)
	1 (0.02)
	1 (0.04)
	0 (0.00)
	2 (0.22)
	10 (0.09)

	Maswar
	3 (0.19)
	2 (0.05)
	2 (0.11)
	0 (0.00)
	0 (0.00)
	7 (0.09)

	Bani Surim
	7 (0.51)
	1 (0.03)
	1 (0.03)
	0 (0.00)
	0 (0.00)
	9 (0.08)

	As Sudah
	3 (0.76)
	1 (0.05)
	0 (0.00)
	0 (0.00)
	0 (0.00)
	4 (0.07)

	Thula
	3 (0.35)
	1 (0.04)
	1 (0.03)
	0 (0.00)
	0 (0.00)
	5 (0.07)

	Jabal Iyal Yazid
	4 (0.47)
	0 (0.00)
	3 (0.05)
	0 (0.00)
	3 (0.33)
	10 (0.07)

	Amran
	5 (0.22)
	1 (0.01)
	3 (0.04)
	0 (0.00)
	4 (0.28)
	13 (0.06)

	Total
	148 (0.52)
	36 (0.05)
	51 (0.08)
	6 (0.04)
	36 (0.17)
	277 (0.14)


Footnotes:
Abbreviation: CFR, case-fatality rate.

† Data are deaths, no. (CFR%). No deaths were reported in Wave 1. Wave periods are defined as: Wave 1 (Sep 28, 2016–Apr 23, 2017), Wave 3 (Mar 13, 2018–Dec 30, 2019), Wave 4 (Jan 1, 2020–Oct 31, 2023), and Wave 5 (Nov 1, 2023–May 18, 2025).

‡ Wave 2 (increasing) phase covers Apr 24, 2017–Jul 2, 2017.

§ Wave 2 (decreasing) phase covers Jul 3, 2017–Mar 12, 2018.

Appendix Table 8. Comparative Analysis of Median Environmental Conditions During the Pre-Resurgence and Resurgence Phases in Amran Governorate, Yemen (Mann–Whitney U Test)

	Variable
	Pre-Resurgence Median
	Resurgence Median
	U-Statistic
	p-value

	Rainfall (mm/week)
	24.70
	20.22
	13249.0
	0.281

	Temperature/Humidity Index
	46.48
	42.30
	13368.0
	0.228


Footnotes:
· † The pre-resurgence phase was defined as November 2016 to July 2023, whereas the resurgence phase was defined as August 2023 to December 2024.

Appendix Table 9. Climate descriptive statistics and weekly cholera incidence in Amran Governorate, Yemen (2016–2025)

	Variable
	Count
	Mean
	Std. Deviation
	Minimum
	25th Percentile
	Median (50th)
	75th Percentile
	Maximum
	IQR

	Weekly Cases
	420.0
	481.23
	909.57
	0.00
	3.00
	108.00
	564.00
	5447.00
	561.00

	Rainfall (mm)
	420.0
	32.10
	26.70
	1.13
	9.90
	24.24
	49.82
	157.58
	39.92

	Temp/Hum Index
	420.0
	46.88
	9.32
	26.38
	39.10
	46.04
	54.81
	73.92
	15.71


Footnotes:
· Abbreviation: IQR, interquartile range.

· † Data derived from ERA5 reanalysis and eIDSR surveillance records. Temp/Hum index represents a composite measure of mean surface air temperature and relative humidity.

Appendix Table 10. Summary of spatial autocorrelation and high-burden districts during the Wave 5 resurgence

	Metric
	Statistical Value

	Total Phase Cases Analyzed
	13630

	Global Moran's I Coefficient
	0.0534

	Z-score (Significance)
	0.8331

	p-value
	0.191 (Not Significant)

	District with Highest Incidence
	Huth (410.25 per 10000)

	District with Highest Case Count
	Khamir

	Spatial Interpretation
	Random/Diffuse Transmission


Appendix Table 11. Distribution of suspected cholera cases by district across epidemic waves (N = 203148)†

	District
	Wave 1
	Wave 2 (Increasing)‡
	Wave 2 (Decreasing)§
	Wave 3
	Wave 4
	Wave 5
	Total

	Amran
	30
	2272 (7.9)
	9497 (12.1)
	7782
	1100
	1450
	22131

	Al-Asha
	NA
	1957 (6.8)
	6852 (8.8)
	3130
	370
	2124
	14433

	Al-Madan
	1 (2.5)
	1943 (6.8)
	6206 (7.9)
	4486
	1320
	515
	14471

	Al-Qaflah
	NA
	2406 (8.4)
	5581 (7.1)
	1939
	141
	3024
	13091

	As Sawd
	NA
	296 (1.0)
	3813 (4.9)
	1406
	396
	224
	6135

	As Sudah
	NA
	394 (1.4)
	2206 (2.8)
	2513
	402
	246
	5761

	Bani Surim
	NA
	1383 (4.8)
	3160 (4.0)
	3242
	1439
	2377
	11601

	Dhi Bin
	NA
	589 (2.1)
	3298 (4.2)
	2925
	789
	303
	7904

	Huth
	NA
	865 (3.0)
	1398 (1.8)
	5452
	1233
	1610
	10558

	Habur Zulaymah
	NA
	3426 (11.9)
	2973 (3.8)
	3208
	825
	387
	10819

	Harf Sufyan
	NA
	2076 (7.2)
	6067 (7.8)
	2798
	768
	1139
	12848

	Iyal Surayh
	NA
	529 (1.8)
	930 (1.2)
	1362
	118
	432
	3371

	Jabal Iyal Yazid
	NA
	847 (2.9)
	4926 (6.3)
	6122
	2074
	913
	14882

	Khamir
	9 (22.5)
	1525 (5.3)
	1704 (2.2)
	3162
	88
	2531
	9019

	Kharef
	NA
	688 (2.4)
	2727 (3.5)
	1731
	400
	586
	6132

	Maswar
	NA
	1621 (5.6)
	3787 (4.8)
	1749
	446
	606
	8209

	Raydah
	NA
	850 (3.0)
	2883 (3.7)
	1725
	1200
	1025
	7683

	Shaharah
	NA
	2869 (10.0)
	5087 (6.5)
	2295
	132
	896
	11279

	Suwayr
	NA
	1326 (4.6)
	2682 (3.4)
	1130
	138
	291
	5567

	Thula
	NA
	857 (3.0)
	2469 (3.2)
	2925
	616
	387
	7254

	Total
	40 (100)
	28719 (100)
	78246 (100)
	61082 (100)
	13995 (100)
	21066 (100)
	203148 (100)


Footnotes:
Abbreviation: NA, not applicable.

† Percentages are column percentages, calculated within each wave. An additional 53 cases were reported outside of the defined epidemic wave periods and are not shown. The total count is slightly lower than the overall cohort total due to a small number of cases with an unassigned district. Wave periods are defined as: Wave 1 (Sep 28, 2016–Apr 23, 2017), Wave 3 (Mar 13, 2018–Dec 30, 2019), Wave 4 (Jan 1, 2020–Oct 31, 2023), and Wave 5 (Nov 1, 2023–May 18, 2025).

‡ Wave 2 (increasing) phase covers Apr 24, 2017–Jul 2, 2017.

§ Wave 2 (decreasing) phase covers Jul 3, 2017–Mar 12, 2018.

Appendix Table 12. Laboratory-confirmed cases and spatiotemporal characteristics of cholera epidemic waves in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025

	Wave
	Period
	Confirmed cases, no. (%)
	Epicenter
	Active districts

	Wave 1
	28 Sep 2016–23 Apr 2017
	0 (0.0)
	NA
	0

	Wave 2 (Increasing)‡
	24 Apr 2017–2 Jul 2017
	18 (7.9)
	NA
	0

	Wave 2 (Decreasing)§
	3 Jul 2017–12 Mar 2018
	2 (0.9)
	Habur Zulaymah
	3

	Wave 3
	13 Mar 2018–30 Dec 2019
	63 (27.6)
	Amran
	18

	Wave 4
	1 Jan 2020–31 Oct 2023
	1 (0.4)
	Al-Madan
	18

	Wave 5
	1 Nov 2023–18 May 2025
	144 (63.2)
	Al-Qaflah
	11

	Total
	NA
	228 (100)
	NA
	NA


Footnotes:
Abbreviation: NA, not applicable.

† Percentages for confirmed cases are calculated from the total number of laboratory-confirmed cases (N=288). Epicenter indicates the district where transmission was first identified or initially expanded during each epidemic wave. Active districts indicate the number of districts reporting laboratory-confirmed cholera cases during each wave.

‡ Wave 2 (increasing) phase: Apr 24, 2017–Jul 2, 2017.

§ Wave 2 (decreasing) phase: Jul 3, 2017–Mar 12, 2018.

Appendix Table 13. Chi-square tests for association between patient characteristics and epidemic wave in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025

	Variable
	[image: image1.png]



 value
	Degrees of freedom (df)
	p-value

	Sex
	619.4
	5
	<0.0001

	Age Group
	10829.2
	20
	<0.0001

	District
	33415.6
	114
	<0.0001

	Final Outcome (Mortality)
	373.4
	6
	<0.0001

	Seasonality (Rainy vs Non-Rainy)
	9764.8
	6
	<0.0001

	Acute Watery Diarrhoea
	116131.7
	5
	<0.0001

	Degree of Dehydration
	85907.2
	15
	<0.0001

	Treatment Type
	52993.7
	15
	<0.0001

	Location (Rural vs Urban)
	1090.4
	6
	<0.0001

	Season (Detailed)
	149522.6
	24
	<0.0001

	Vomiting
	8038.8
	5
	<0.0001

	Culture Result
	18537.4
	8
	<0.0001


Footnotes:
· Abbreviation: df, degrees of freedom.

· † p-values are capped at <0.001.

Appendix Table 14. Descriptive statistics of weekly cholera incidence and environmental variables in Amran Governorate (N = 420 weeks)

	Variable
	Mean
	Std. Deviation
	Minimum
	25th Percentile
	Median (50th)
	75th Percentile
	Maximum

	Suspected Cholera Cases (Weekly)
	481.2
	909.6
	0
	3.0
	108.0
	564.0
	5447

	Precipitation (mm/week)
	32.1
	26.7
	1.1
	9.9
	24.2
	49.8
	157.6

	Temp/Humidity Index*
	46.9
	9.3
	26.4
	39.1
	46.0
	54.8
	73.9


Footnotes:
Temp/Humidity represents the aggregated ERA5 climate metric utilized in the time-series correlation analysis.
Appendix Table 15. District-level vulnerability indicators and composite vulnerability index scores during Wave 5 resurgence in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025

	District
	Population
	IDP count
	WASH severity score†
	Wave 5 cases, no.
	CVI score‡

	Amran
	1190547
	566148
	2.67
	1450
	1.90

	Khamir
	795897
	118039
	2.67
	2531
	0.77

	Al-Qaflah
	528967
	111144
	2.75
	3024
	0.66

	Al-Asha
	459894
	53182
	3.56
	2124
	0.61

	Jabal Iyal Yazid
	987330
	161358
	2.67
	913
	0.57

	Shaharah
	544487
	111244
	3.44
	896
	0.38

	Harf Sufyan
	485765
	135358
	2.78
	1139
	0.07

	Raydah
	534950
	88852
	2.67
	1025
	−0.08

	As Sawd
	339868
	80536
	3.44
	224
	−0.13

	Huth
	310406
	85128
	2.67
	1610
	−0.15

	Suwayr
	290541
	85716
	3.44
	291
	−0.16

	Habur Zulaymah
	487560
	94822
	2.67
	387
	−0.32

	Maswar
	467312
	79809
	2.56
	606
	−0.37

	Thula
	461571
	59693
	2.67
	387
	−0.43

	Al-Madan
	333590
	65394
	2.67
	515
	−0.52

	As Sudah
	370550
	47490
	2.67
	246
	−0.61

	Dhi Bin
	345445
	41136
	2.56
	303
	−0.70

	Iyal Surayh
	594811
	61531
	1.89
	432
	−0.70

	Kharef
	520890
	65157
	1.78
	586
	−0.79


Footnotes:
Abbreviations: CVI, composite vulnerability index; IDP, internally displaced person; WASH, water, sanitation, and hygiene.

† WASH severity scores were obtained from the United Nations Office for the Coordination of Humanitarian Affairs (UNOCHA) WASH Cluster data; scores range from 1 (minimal) to 5 (critical infrastructure degradation and acute vulnerability).

‡ The CVI score is a multi-dimensional mean Z-score aggregating demographic burden (population and IDP counts), infrastructure failure (WASH severity), and epidemiological intensity (Wave 5 cases). Positive values indicate higher relative vulnerability compared with the governorate mean.

Appendix Table 16. Mortality Event Distribution by Dehydration Severity (N = 200980)

	Dehydration Severity
	Survived
	Dead
	Total
	Case Fatality Rate (%)

	No diarrhea (Ref)
	40360
	3
	40363
	0.007%

	Mild
	53134
	10
	53144
	0.019%

	Moderate
	86677
	68
	86745
	0.078%

	Severe
	20539
	189
	20728
	0.912%

	Total
	200710
	270
	200980
	0.134%


Footnotes:
· † Total deaths (270) represent cases with complete data included in the multivariable model.

Appendix Table 17. Multicollinearity Assessment (Variance Inflation Factors)

	Predictor
	VIF

	Age Group
	

	< 5 years
	1.472

	18–44 years
	1.461

	45–60 years
	1.211

	> 60 years
	1.123

	Location: Rural
	1.003

	Dehydration
	

	Mild
	1.705

	Moderate
	1.821

	Severe
	1.401

	Season: Non-rainy
	1.003


Footnotes:
† VIF < 2.0 across all variables confirms the absence of significant multicollinearity.

Part B: Supplementary Figures

Appendix Figure 1. Daily epidemiological trend and time-varying effective reproduction number during Wave 2 in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
The upper panel displays the daily number of suspected cholera cases. The epidemic wave is divided into increasing and decreasing phases by a vertical dashed gray line (July 3, 2017). The lower panel presents corresponding daily estimates of the time-varying effective reproduction number (Rt) calculated using a 7-day sliding window Rt, effective reproduction number.
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Appendix Figure 2. Daily epidemiological trend and time-varying effective reproduction number during the Wave 5 resurgence in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
The upper panel displays the daily number of suspected cholera cases during the most recent resurgence phase. The lower panel presents corresponding daily estimates of the time-varying effective reproduction number (Rt). Rt, effective reproduction number.
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Appendix Figure 3. Spearman rank correlation between weekly cholera incidence and lagged environmental drivers in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
The graph displays the cross-correlation function evaluating the delayed effects of environmental variables on weekly suspected cholera incidence over a 12-week lag period. The blue line represents precipitation; the orange line represents the composite temperature/humidity index.
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Appendix Figure 4. Time-series decomposition and anomaly detection of suspected cholera incidence and environmental precipitation shocks in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
Panel (A) illustrates the observed weekly suspected cholera case counts alongside the extracted underlying trend component. Panel (B) presents the residual component (anomalies) after removal of long-term trend and seasonal patterns. Panel (C) displays rainfall anomaly scores (Z-scores).
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Appendix Figure 5. Non-linear smooth effects of environmental drivers on weekly cholera incidence in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
Partial dependence plots derived from a multivariate generalized additive model. The blue curve (left) and orange curve (right) represent the smooth effect of rainfall and the temperature/humidity index on log-transformed cholera case counts. Shaded areas denote the 95% confidence intervals. GAM, generalized additive model.
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Appendix Figure 6. Spatial distribution of cholera case-fatality rates and absolute deaths during the Wave 5 resurgence.
Panel A maps the cholera case-fatality rate percentage by district. Panel B maps the absolute number of recorded deaths (death density) by district. White districts indicate zero recorded deaths. CFR, case-fatality rate.
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Appendix Figure 7. District-level spatial distribution of mean Water, Sanitation, and Hygiene severity in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
This choropleth map illustrates the geographical distribution of the Water, Sanitation, and Hygiene Severity Index. The color gradient signifies the mean severity score, ranging from light yellow (~1.8) to dark red (~3.5). WASH, Water, Sanitation, and Hygiene.
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Appendix Figure 8. Weekly distribution of cholera deaths and case-fatality rate in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
The primary y-axis (bars) displays the weekly absolute number of cholera-related deaths; the secondary y-axis (red line) plots the weekly case-fatality rate percentage. CFR, case-fatality rate.
Appendix Figure 9. Distribution of suspected cholera cases by age group and sex in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
This population pyramid illustrates the total cumulative burden of suspected cholera cases (N=203201) stratified by age and sex. Blue bars represent male cases; red bars represent female cases.
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Appendix Figure 10. Focused analysis of the Wave 2 increasing phase and associated transmission dynamics in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
The upper panel displays the weekly count of suspected cholera cases during the initial growth phase of Wave 2. The lower panel shows the corresponding weekly effective reproduction number (Rt). Rt, effective reproduction number.
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Appendix Figure 11. District-level distribution of suspected cholera cases and attack rates across five epidemic waves in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
The bar charts represent the absolute number of suspected cholera cases (left y-axis), while the red line overlay indicates the attack rate per 10000 population (right y-axis) for each of the 20 districts. AR, attack rate.
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Appendix Figure 12. Correlation between weekly rainfall and suspected cholera incidence across five epidemic waves in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
The figure displays the temporal association between precipitation patterns (blue bars) and suspected cholera cases (red line).
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Appendix Figure 13. Diagnostic evaluation of the SARIMAX cholera transmission model in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
The panel presents four diagnostic plots utilized to assess model fit for the weekly incidence time-series: standardized residuals over time, histogram and kernel density estimate of residuals, normal Q-Q plot, and a correlogram. ACF, autocorrelation function; KDE, kernel density estimate; SARIMAX, seasonal autoregressive integrated moving average with exogenous factors.
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Appendix Figure 14. Geographic distribution of district-level cholera incidence and case density during Wave 5 in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
(A) Choropleth map illustrating the spatial variation of cholera incidence per 100000 population across administrative districts. (B) Choropleth map displaying the spatial variation of cholera case density. The color gradient signifies case density, ranging from white (lowest density) to dark purple (highest density). In both panels, black arrows indicate geographic North, and scale bars denote a distance of 20 kilometers.
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Appendix Figure 15. Lead-time analysis of environmental drivers during Wave 2 and Wave 5 in study of cholera surveillance in Amran Governorate, Yemen, 2016–2025.
The figure displays cross-correlation functions evaluating the delayed effects of precipitation on daily suspected cholera incidence over a 30-day lag period. (A) Cross-correlation during the increasing phase of Wave 2. (B) Cross-correlation during the Wave 5 resurgence. The horizontal axis represents the lag in days, where negative values indicate that precipitation leads cholera incidence. The vertical axis represents the correlation coefficient.
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